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INTRODUCTION 


Our  laboratory  has  pioneered  research  on  collisions  o£  excited  atoms 
in  the  energy  range  from  several  eV  to  several  keV.  This  work  is  aimed  at 
improving  the  understanding  of  the  fundamental  mechanisms  underlying 
electronic  excitation  transfer,  colllslonal  ionization,  and  charge  transfer 
reactions.  Ir  work  supported  by  this  contract,  we  are  studying  relatively 
simple  systems  l.  at  are  amenable  to  detailed  experimental  and  theoretical 
investigation.  Some  of  these  systems  have  direct  practical  application; 
others  are  studied  in  order  to  predict  the  characteristics  of  more  complicated 
systems  by  extrapolation.  Understanding  of  these  mechanisms  is  basic  to  any 
attempt  to  describe  or  anticipate  the  behavior  of  excited  media  such  as 
visible  and  uv  gas  lasers,  discharges,  and  excited  atmospheres. 


PROGRESS 


Colllslonal  Ionization 

During  the  past  year  we  have  published  two  papers  in  The  Physical  Review 
on  ionization  of  metastable  He  in  collisions  with  He.  The  detailed  experi- 
mental paper  entitled  "Ionization  in  Collisions  of  Metastable  He  with  He" 
is  Included  here  as  Appendix  A.  A companion  theoretical  paper  "Theoretical 
Investigation  of  a Mechanism  for  Ion  Production  in  Collisions  of  Metastable 

He  with  He:  Ab  Initio  Potential  Curves  for  ^ ^ States  of  He  " is  included 

8 ^ 

here  as  Appendix  B. 


Review  Paper 

Dr.  Gillen  was  invited  to  present  a lecture  on  the  work  supported  by 
this  contract  at  the  Tenth  International  Conference  on  the  Physics  of 
Electron  and  Atomic  Collisions  (X  ICPEAC)  in  Paris,  July  1977.  His  address 
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was  titled  "Inelastic  He  Metastable-He  Scattering"  and  reviewed  recent  work, 
here  and  elsewhere,  on  this  collision  system.  For  publication  in  the  book 
of  Invited  papers,  the  talk  was  expanded  to  Include  a short  review  of  the 
present  status  of  work  on  metastable  rare  gas  collisions  at  energies  in  the 
electron  volt  range.  This  paper,  entitled  "Metastable  Rare  Gas  Collisions  of 
Intermediate  Energies  (5-3000  eV),"  was  written  with  partial  support  from 
this  ONR  contract  and  is  included  here,  in  preprint  form,  as  Appendix  C. 
Travel  funds  from  this  contract  allowed  Dr.  Gillen  to  attend  the  X ICPEAC 
conference  and  present  his  talk.  On  the  same  trip,  he  attended  the 
International  Symposium  on  Ion-Atom  Collisions  in  Darmstadt,  Germany,  and 
gave  a short  presentation  on  the  SRI  collislonal  ionization  work. 


Total  Destruction  Cross  Sections 

Dr.  T.  M.  Miller  has  con^leted  measurements  of  low  energy  total 

* 3 

destruction  cross  sections  for  He  (2  S)  with  He  and  has  published  a short 

summary  of  the  results  in  the  Book  of  Abstracts  for  the  X ICPEAC,  Paris, 

3 1 

July  1977.  The  paper,  "He(2  S)  Deexcitation  in  Collisions  with  He(l  S)"  is 

included  here  as  Appendix  D.  Dr.  Miller  was  also  able  to  attend  the  ICPEAC 

conference  through  partial  travel  support  from  this  contract. 


Completion  of  New  Facility 

During  the  past  year  we  have  broadened  the  scope  of  our  program  con- 
siderably by  starting  to  address  one  of  the  most  vexing  problems  associated 

* 

with  metastable  rare  gas  (Rg  ) scattering  experiments.  This  problem,  which 

is  not  unique  to  our  laboratory  or  production  method,  is  the  lack  of 

* 

knowledge  of  the  composition  of  Rg  beams  (see  discussion  on  pages  4-5  of 
Appendix  C) . 

We  plan  first  to  characterize  the  metastable  beam  composition  produced 
in  the  near-resonant  charge  transfer  process  and  then  to  modify  beam  composi- 
tions for  isolating  the  scattering  contributions  associated  with  a particular 
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component  of  the  beam.  We  are  using  the  tunable  output  from  a stabilized 

single-mode  cw  dye  laser  to  selectively  excite  a specific  metastable 

component.  For  Ne,  Ar,  Kr,  and  Xe  there  are  many  allowed  transitions  for 

3 3 3 1 

the  outer  s electron  in  the  lowest  P^,  Fq,  and  states  [core 

(n-l)p^ns]  to  the  10  nearest  excited  states  [core  (n-l)p  np] . Figure  1 
shows  a convenient  upper  state  (2p  3p^[%]j^)  for  Ne  ( P^)  or  Ne  ( P^) 

excitation  and  the  wavelengths  and  Einstein  A coefficients  of  the  transitions 

3 3 3 1 

between  this  level  and  the  P.  and  P^  metastable  states  and  P, , P, 

2 0 1’  1 

radiating  states.  This  upper  state  can  be  populated  by  pumping  either  the 

^P^  metastable  component  of  the  beam  with  5881.9  X light  or  the  ^P^  state 

with  6163.6  X photons.^  In  both  cases,  the  spontaneous  emission  branching 

ratios  will  be  proportional  to  the  A coefficients. 

By  using  low  excitation  powers  and  monitoring  the  laser-induced 

fluorescence  at  a wavelength  different  from  the  excitation  wavelength,  we 

3 3 

will  be  able  to  determine  the  ratio  of  the  P^  state  to  the  P^  state  in 

3 

the  beam.  Supplementary  information  will  yield  the  complete  beam  composition 

produced  in  the  near-resonant  charge  transfer  reaction.  At  higher  laser  power 

levels,  we  will  be  able  to  remove  one  of  the  two  metastable  components  from 

the  beam,  determine  the  relative  surface  secondary  electron  ejection 

3 3 1 

coefficients  for  the  P^j  Pq>  and  (ground  state)  fast  neutrals,  and 
initiate  various  scattering  experiments  with  a purified  beam  containing  a 
single  metastable  state.  Several  of  these  experiments  were  described  in  our 
most  recent  proposal. 

To  initiate  these  experiments,  we  needed  a substantial  amount  of  new 
equipment:  lasers,  optical  components,  and  signal  processing  electronics. 

The  key  items  were  a Coherent  Radiation  CR-599-21  actively  stabilized  single- 
mode  dye  laser  and  a Kr  ion  laser  to  pimip  the  dye.  Funds  from  this  ONR 
contract  were  used  to  purchase  the  dye  laser.  A recent  NSF  equipment  grant 
allowed  us  to  purchase  the  Kr  ion  laser,  a 0.5-m  grating  monochromator,  and 
various  optical  components  and  optical  diagnostic  tools.  Using  SRl's 


capital  equipment  fund,  we  obtained  a 4096-channel  multichannel  analyzer, 
a dual  channel  scaler,  an  X-Y  plotter,  and  some  additional  optical  equipment. 

The  metastable  beam-purification  experiments  will  be  accomplished  on 
an  existing  apparatus  that  was  used  in  the  past  (see  Appendix  D)  for 
measurements  of  total  destruction  cross  sections  for  metastable  beams. 
Unfortunately,  the  original  apparatus  was  not  in  ah  environment  suitable 
for  laser  experiments,  and  modification  of  the  surrounding  room  would  have 
been  difficult,  disruptive  of  other  experiments,  and  prohibitively  expensive. 
The  apparatus  has  now  been  moved  to  a more  suitable  laboratory  with  an 
existing  5 x 12  honeycomb-reinforced  laser  table.  A significant  effort  was 
required  to  reassemble  and  support  the  apparatus  so  as  to  isolate  it  reasonably 
from  building  vibrations.  It  is  now  supported  on  concrete  piers  physically 
separated  from  the  building  structure,  as  is  the  adjacent  laser  table. 

The  three  principal  vacuum  chambers  in  the  apparatus  (see  Figure  2) , 
the  source,  the  charge  exchange  oven,  and  the  interaction  region  were  each 
mounted  on  separate  platforms.  These  units  now  rest  on  an  all-steel  welded 
framework  mounted  on  the  concrete  piers.  This  structure  allows  for  easy 
access,  replacement,  rearrangement,  or  modification  of  the  experimental  system, 
since  each  chamber  is  a separate  unit. 

The  entire  scattering  apparatus.  Including  a new  ion  source  and  a new 
photon  detection  assembly,  is  now  operational  in  its  new  laboratory.  The 
first  laser  pumping  experiments  will  begin  when  the  new  dye  laser  arrives 
(February  1978).  The  move,  redesign,  and  component  testing  received  financial 
support  from  SRI  internal  funds  and  NSF  funds,  in  addition  to  the  support 
of  this  contract. 

Personnel 

J.  R.  Peterson  is  project  supervisor  and  K.  T.  Gillen  is  project  leader 
for  this  contract.  Significant  contributions  to  this  work  have  also  been 
made  by  the  following  SRI  personnel:  M.  J.  Coggiola,  G,  M.  Conklin,  T.  D. 
Gaily,  D.  L.  Huestls,  R.  L.  Leon,  D.  C.  Lorents,  T.  M.  Miller,  R,  E.  Olson 
and  R.  P.  Saxon. 


5 


i. 


REFERENCES 


1.  W.  L.  Wiese,  M.  W.  Smith,  and  B.  M.  Glennon,  "Atomic  Transition 

% 

; Probabilities,  Vol.  I,  Hydrogen  Through  Neon,"  NSRDS:NBS  4 (1966). 

2.  F.  B.  Dunning,  T.  B.  Cook,  W.  P.  West,  and  R.  F.  Stebblngs,  Rev.  Scl. 
Instr.  1072  (1975). 

3.  R,  H.  Nejmaber  and  G,  D,  Magnuson,  J.  Chem.  Phys.  5239  (1977). 

> 

k. 

‘‘y 

tr  ' 

[ 

i 

i 

s 

k 


Appendix  A 

IONIZATION  IN  COLLISIONS 
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Ionization  in  collisions  of  metastabie  He  with  He  t 

Keith  T.  Gillen,  James  R,  Pelerson,  and  Ronald  E.  Olson 
Molecular  Physics  Center.  Stanford  Research  Institute.  Menlo  Park.  California  94025 
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EtetaiW  <lin'e>-enti,|  cross-section  measurements  have  been  performed  for  production  of  He*  in  collisions  of 
metastable  He  (2  S and  2 S)  with  He  at  center-of-mass  energies  of  50,  99,  and  199  eV  The  product  ion 
drs  nbunon  contains  s«eral  distinct  features  dominated  by  an  intense  peak  at  small  angles  and  an  energy-loss 
value  near  throhold.  The  major  features  of  the  ionization  are  shown  to  be  consistent  with  various  calculated 

° * ^ trajectory.  Ionization 

occurs  at  the  crossing  into  the  continuum,  at  the  classical  inner  turning  point,  at  crossings  with  higher 
continue  and  through  molecular  auloionization  of  doubly  excited  neutral  states.  Possible  contributions  from 

from  the  L.*irrTrH“rs'cr“'f'“'  <=0'>'ributions  to  the  ionization 

Irom  the  small  amount  of  He*(2  'S)  in  the  beam 


INTRODUCTION 

The  He,  system  Is  an  ideal  choice  for  the  study 
of  collisional  processes  because  it  is  simple 
enough  that  accurate  theoretical  calculations  can 
be  compared  with  most  experimental  results.  The 
Interaction  potentials  can  be  obtained  using  ab 
initio  techniques  and  the  dynamical  properties 
can  be  deduced  from  trajectory  calculations  on 
the  relevant  potential  curves  using  estimates  of 
the  couplings  between  curves  near  crossings  or 
avoided  crossings.  One  of  the  important  problems 
remaining  to  be  understood  in  collision  physics  is 
the  nature  of  the  coupling  between  a discrete  state 
and  a continuum.  Little  detailed  data  exist  for 
comparison  with  theory.  Collisional  ionization  ex- 
periments in  simple  systems  should  contribute 
significantly  to  the  understanding  of  the  general 
problem,  since  the  discrete  state  interactions  are 
well  enough  understood  that  effort  can  be  con- 
centrated on  the  continuum  coupling  mechanisms. 

In  this  paper  we  present  a detailed  study  of  col- 
lisional ionization  in  the  scattering  of  a beam  of 
metastable  helium  by  helium  target  gas  in  the 
center-of-mass  (c.m.)  energy  range  50-199  eV. 
Several  ionization  channels  are  identified  by  dem- 
onstrating that  the  deflection  functions  and  energy 
losses  calculated  on  the  pertinent  potential  curves 
are  consistent  with  the  experimental  results.  A 
companion  paper  describes  the  calculation  of  the 
potential  energy  curves  for  the  'S,*  states  of  He,, 
and  demonstrates  their  relevance  to  one  of  the 
prominent  ionization  channels. 

This  experiment  represents  the  first  measure- 
ment of  the  collisional  ionization  of  metastable 
He  at  low  energies  ai-.d  contains  the  first  detailed 
analysis  of  the  product  ion  angle-energy  distribu- 
tl<m.  In  a preliminary  publication  we  described 
the  most  Intense  feature  of  the  collisional  loniza- 
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tion,' 

Several  recent  studies  of  ground-state  rare-gas 
collisions  in  the  energy  range  from  several  hun- 
dred to  several  thousand  eV  have  examined  the 
details  of  various  ionization  processes  either  by 
in63Sur6mGnts  of  the  6niitt6d  Gl6ctron  GnGrgi6s^’^ 
or  of  the  product  ion  energy-angle  distributions 
The  ionization  is  associated  with  intimate  encoun- 
ters where  the  Incoming  ground-state  potential  is 
generally  thought  to  couple  at  small  internuclear 
distances,  high  on  the  repulsive  wall,  to  excited 
discrete  levels  which  cross  into  the  continuum  and 
autoionize  on  the  outgoing  portion  of  the  trajectory. 
All  of  the  ionization  channels  identified  have  large 
angular  thresholds  dictated  by  the  significant  re- 
pulsive forces  at  short  distances.  In  contrast,  the 
major  ionization  channels  observed  in  the  present 
investigation  have  much  smaller  angular  thresh- 
olds  than  anticipated  from  a first  consideration  of 
the  interaction  potentials. 

'PPARATUS 

The  metastable  differential  scattering  apparatus 
has  been  described  in  detail  previously.®  A beam 
of  fast  He*  ions  enters  a charge  exchange  cell 
tilled  with  Cs.  Near -resonant  charge  transfer 
produces  He  atoms  predominantly  in  the  1 ‘5, 

2‘S,  2'P,  2 ’S  and  2^p  states,  and  radiation  of  the 
P states  leaves  a fast  neutral  beam  composed  of 
excited  metastable  2'S,  2®S,  and  ground  state  1 ‘S 
He.  The  composition  of  the  resulting  neutral  beam 
has  been  estimated  theoretically  by  Olson,  Shipsey, 
and  Browne®  using  ah  initio  potential  energy  curves 
and  close-coupling  calculations.  They  find  that  the 
charge-transfer  He  beam  contains  30-35%  2®S, 
less  than  1%  2‘S,  and  65-70%  1 ‘S  in  the  energy 
range  from  200-400  eV.  At  lower  collision  ener- 
gies, these  theoretical  calculations  are  in  agree- 
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men*  with  experimental  evidence®’ that  there 
is  indeed  a large  ratio  of  2®S  to  2‘S  metastables. 
The  He*  ions  that  do  not  undergo  charge  transfer 
are  deflected  out  of  the  beam  before  the  fast  neu- 
trals enter  a scattering  cell  filled  with  He  at 
pressures  low  enough  to  insure  single-collision 
conditions.  Scattered  particles  are  delected  by 
two  channeltron  detectors  that  can  be  rotated 
around  the  scattering  cell.  One  detector  (A)  mea- 
sures the  total  scattered  product  intensity  as  a 
function  of  angle  and  detects  both  ionic  and  neutral 
particles;  deflectors  between  the  scattering  cell 
and  the  detector  can  remove  the  ions  so  that  only 
neutrals  are  counted,  allowing  a determination  of 
ionic  and  neutral  product  angular  distributions 
separately.  The  other  detector  (B)  is  mounted 
behind  a 127 "energy  analyzer  and  can  measure 
the  angle-energy  double-differential  cross  section 
for  product  ions. 

A large  exit  slot  in  the  target  cell  allows  both 
detectors,  when  positioned  within  the  laboratory 
angular  range  +75"  to  -25",  to  view  the  entire 
intersection  of  the  beam  with  the  target  cell.  Col- 
limators in  front  of  detector  A are  used  to  shield 
it  from  background  contributions  without  blocking 
its  view  of  the  interaction  region.  A collimator 
at  the  entrance  to  the  127°  analyzer  limits  and 
defines  the  acceptance  solid  angle  from  every  posi- 
tion in  the  interaction  region.  Both  detectors  ac- 
cept a constant  solid  angle  range  from  every  loca- 
tion in  (he  interaction  region  independent  of  the 
angular  location  of  the  detector.  Hence,  there  is 
no  "viewing  factor”  correction  needed  in  compar- 
ing the  measured  intensity  at  different  scattering 
angles. 

Electrostatic  deflectors  can  be  used  to  pulse  the 
original  ion  beam  before  it  enters  the  alkali 
charge-transfer  cell.  By  measuring  the  difference 
in  flight  time  to  detector  A between  the  original 
ion  beam  and  the  metastable  beam  and  using  a 
separate  determination  of  the  ion  beam  energy 
with  detector  B,  one  can  determine  the  energy  of 
the  neutral  beam  with  an  accuracy  of  approximate- 
ly 0.5  eV.  The  neutral  beam  has  a lower  energy 
than  the  parent  ions,  due  mostly  to  the  contact 
potential  of  the  Cs  covered  surfaces  in  the  charge- 
transfer  oven. 

For  analyzing  scattered  product  ion  energies, 
the  127°  analyzer  is  set  to  transmit  a specific  ion 
energy  (119  eV  in  the  experiments  reported  here) 
with  a fixed  resolution  [measured  to  be  2.6%  (3.1 
eV)  full  width  at  half  maximum  (FWHM)].  A few 
experiments  were  done  with  higher-energy  resolu- 
tion, but  no  ^ditional  stnicture  (beyond  that  re- 
ported here)  was  resolved.  Energy  scanning  is 
achieved  by  varying  the  potential  of  the  entire  ener- 
gy analyzer  system.  Most  of  the  scattering  data 


were  obtained  by  sciuining  the  product  ion  energy 
at  a fixed  beam  energy  and  laboratory  scattering 
angle.  In  a typical  ex|x;rinient,  a prexJuct  energy 
is  selected  and  ions  are  counted  for  a specified 
length  of  time  (e.g.,  30  sec).  These  detected  ions 
include  a background  produced  by  collisions  of 
beam  metastables  with  target  gas  streaming  from 
the  scattering  cell.  By  admitting  He  gas  to  the 
main  chamber  at  the  same  rate  that  it  was  previ- 
ously admitted  to  the  scattering  cell,  we  can  de- 
termine the  background  contribution.  The  floating 
potential  is  then  varied  stepwise  to  measure  both 
the  signal  and  the  background  at  other  product 
energies.  The  first  point  is  remeasured  occasion- 
ally during  the  course  of  a scan  as  a check  for 
variations  in  beam  intensity  or  scattering  gas  pres- 
sure. 

The  retardation  associated  with  the  floating  ener- 
gy analyzer  would  be  expected  to  partially  defocus 
the  product  ions,  thereby  lowering  the  counting 
rate.  We  compensate  for  this  by  a lens  in  front 
of  the  analyzer,  adjusted  for  maximum  transmis- 
sion of  the  ions  with  energies  corresponding  to 
the  peak  of  the  product  distribution.  The  lens 
voltages  were  then  held  constant  relative  to  the 
analyzer  floating  voltage.  Variations  in  collection 
efficiency  for  ions  of  different  energy  have  been 
shown  to  be  small  over  the  energy  range  of  each 
of  the  scans  presented  here.  Refocussing  the 
lenses  for  maximum  transmission  at  every  energy 
in  a scan  did  not  increase  the  intensity  at  any 
energy  by  more  than  10%  relative  to  measure- 
ments made  with  constant  lens  voltages. 

In  the  plane  of  motion  of  detector  B,  the  detector 
angular  resolution  is  calculated  to  be  0.3°  FWHM; 
the  beam  profile  has  a comparable  angular  width. 
The  angular  acceptance  perpendicular  to  the  plane 
of  motion  of  the  detector  is  ±0.5°  FW.  This  out-of- 
plane window  allows  scattered  particles  of  larger 
angle  than  the  nominal  apparatus  setting  to  be  col- 
lected, but  the  average  effect  is  insignificant  at 


FIG.  1.  Kinematic  diagram.  A beam  of  He*  of  lab- 
oratory energy  £j  (velocity  I’j)  Is  shown  colliding  with 
a He  target  at  rest.  Laboratory  velocities  ♦'o.t’c 
are  measured  relative  to  the  point  0.  (=0.5  Vq) 

is  the  velocity  of  the  c.m.  Velocities  in  the  c.m.  system 
{w,w' ) are  measured  relative  to  the  point  C.  Primed 
velocities  and  energies  refer  to  the  product  particles. 
Measurement  of  E'  and  for  He*  specifies  w' , Sc,, 
and  A£  (see  text). 
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nominal  scattering  angles  beyond  ~1 

Another  source  of  angular  broadening,  increas- 
ing monotonically  with  scattering  angle  but  signifi- 
cant only  at  wide  angles,  is  due  to  the  detector’s 
view  of  the  entire  scattering  volume  1-mni  diam. 
by  1.25-cm  length.  At  a laboratory  angle  of  10°, 
scattering  from  the  entrance  and  e.'cit  regions  of 
the  scattering  cell  is  at  angles  9.3"  and  10.7', 
respectively.  This  broadening  does  not  affect  any 
of  the  conclusions  drawn  from  the  data,  although 
It  might  decrease  the  detail  observable  at  the 
larger  scattering  angles. 

EXPERIMENTS 
General  remarks 

The  neutral  He  beajn  is  a mixture  of  2 'S  and 
2’S  metastables  and  1 ‘S  ground  state.  The  least 
endothermic  collisional  ionization  channels  for 
the  three  components  are,  respectively, 

He*(2‘S)  + He-He*  + He  + c'-4.0  eV  , (1) 

He*(2=S)  + He-He*+He  + e'-4.8  eV,  (2) 

He  + He-He*  + He  + c‘-24.6  eV  . (3) 

The  endothermicities  given  are  for  ionization  at 
threshold  with  ground-state  products.  For  each 
reaction,  the  electron  can  also  be  ejected  with 
nonzero  energy  and  the  product  He  and  He*  can  be 
formed  in  excited  electronic  states. 

Figure  1 presents  a kinematic  diagram  and  de- 
fines some  of  the  symbols  to  be  used  in  this  paper. 
For  product  particles  of  equal  mass  (neglecting 
the  mass  of  the  electron),  an  ion  detected  at  labo- 
ratory coordinates  £',  9^  will  correspond  to  a 
translational  energy  loss  in  the  c.m.  system  of 

^^E^-E'^  = Z(E'E^yi^cose^-2E' . (4) 

It  is  evident  that  the  measured  A£  must  equal  the 
sum  of  the  emitted  electron  energy  and  the  change 
in  internal  energy  of  the  heavy  particles. 

Consider  reactions  of  He*(2’S)  as  an  example. 
The  internal  energy  of  He*(2^S)  is  4.8  eV  less  than 
the  amount  required  to  produce  ionic  products. 
Therefore  4.8  e'V  is  the  minimum  AE  required  to 
produce  ions  from  reaction  (2)  and  would  corre- 
spond to  zero  energy  electrons  and  ground-state 
products.  The  first  electronically  excited  product 
channel  is 

He*(2  ’S)  + He  - He*+  He»(2  ’S)  + c"  - 24.6  eV , 

(2a) 

accessible  only  with  mea.sured  AE  values  of  at 
least  24.6  eV.  Therefore,  for  AE  values  less  than 
24  6 e'V  reaction  (2a)  is  not  possible,  and  only 
ground-state  products  are  allowed.  If  4.8  <AE 


<24.6  eV,  the  additional  endothermicily  AE  -4.8 
eV  must  reside  in  kinetic  energy  E,  of  the  dejjart- 
ing  electron.  Assuming  a pure  He*(2’.S')  beam, 
there  is  no  ambiguity  in  product  states  or  electron 
energies  for  measured  AE  values  in  this  range. 

For  A/',  - 24.6  eV,  reactions  (2)  and  (2a)  are  both 
l)o.ssible,  giving  19.8  eV  energy  either  to  neutral 
He  product  excitation  or  to  the  electron  triuisla- 
tional  energy.  At  higher  A£  values,  the  entire 
manifold  of  He  excited  stales  becomes  energetical- 
ly accessible  with  a limit  at 

He*(2\S)+He- He*4  lle*4  2('-- 29.4  cV  . (2b) 

Ionization  of  the  ground  stale  comiioncnt  of  the 
beam  (reaction  (3)]  is  another  possibie  channel  at 
AE  ''24.6  eV.  However,  the  contributions  from  (3) 
can  be  estimated  from  the  ions  produced  by  scat- 
tering a pure  beam  of  ground-. stale  He  from  a He 
target  Replacing  the  Cs  charge-transfer  vapor 
with  He  gas  allows  resonant  charge-transfer  pro- 
duction of  fast  He  ground-state  beams  for  these 
measurements.  Data'*’’  for  reaction  (3)  exist  at 
slightly  higher  energies  than  our  measurements 
and  a comparison  of  energy  loss  profiies  can  be 
made. 

Although  the  ratio  of  He*(2^S)  to  He*(2‘.S)  in  the 
metastable  beam  is  thought  to  be  large,®'"  contri- 
butions from  a small  component  of  He*(2 ‘S)  might 
dominate  at  some  values  of  product  energy  trans- 
fer and  scattering  angle  if  the  important  ionization 
processes  for  the  two  metastables  are  quite  dif- 
ferent. Even  if  the  mechanisms  were  similar  for 
both  metastables,  the  threshold  for  He*(2'.S)  ion- 
ization might  appear  at  a lower  energy  because 
the  singlet  state  is  energetically  closer  to  the 
ionization  limit.  Since  the  energetics  of  reactions 
(1)  and  (2)  are  only  0.8  eV  different,  the  estimated 
0,5  eV  uncertainty  in  beam  energy  makes  it  unlike- 
ly that  the  effects  of  the  two  metastable  reactants 
can  be  separated  upon  a first  examination  of  the 
data.  For  convenience,  we  will  initially  analyze 
the  scattering  in  terms  of  the  larger  2®S  compo- 
nent of  the  beam;  however,  contributions  from 
2 ‘S  will  also  be  discussed. 

Energy  distrilHJtions 

Figure  2 shows  an  exmiiple  of  a product  He'  ion 
energy  distribution.  The  data  at  a metastable 
beam  energy  £„=  100.2  eV  and  a laboratorv  scat- 
tering angle  6;_  = 0.0‘’ pre.sent  the  measured  He' 
distribution  plotted  versus  the  laboratory  energy 
E’ . In  this  spectrum,  a single  feature  is  observed 
with  a c.m.  energy  loss  AE  of  4,5  eV.  The  0,5  eV 
uncertainty  in  beam  energy  implies  that  the  He* 
ions  can  be  from  either  reaction  (1)  or  (2)  or  both; 
for  either  reaction,  the  products  are  in  their 
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I'lG.  2.  Distribution  of  ilc*  ions  plotted  vs  product 
laboratory  energy  E'  for  0.0°  scattering  of  a 100.2  eV 
He*  beam  by  He.  The  c.m.  collision  energy  is  50.1  eV; 
several  values  of  the  c.m.  endothormicity  A£  are  in- 
dicated. 

ground  electronic  states  and  the  electron  energy  is 
small  (<1  eV).  There  can  be  no  contribution  to 
this  feature  from  ionization  of  ground-state  He  in 
the  beam. 

The  measured  energy  width  of  this  peak,  FWHM 
= 3.6  eV,  is  a convolution  of  the  beam  energy 
width,  the  width  due  to  the  distribution  of  product 
electron  energies,  and  the  width  associated  with 
the  energy  analyzer.  The  energy  analyzer  FWHM 
of  2 6'!  is  3.1  eV  at  the  119  eV  analysis  energy. 
Hence,  the  removal  of  the  detector  broadening 
would  lower  the  FWHM  to  ~(3.6^  - 3.1^)' '^  = 1 .8  eV. 
The  energy  width  of  the  original  metastable  beam 
is  not  as  easy  to  ascertain.  The  beam  energy  was 
measured  by  a time-of -flight  (TOF)  technique  in- 
volving a pulsed  electric  field  deflection  of  the 
original  He*  ion  beam  before  it  was  converted  by 
charge  transfer  to  a neutral  beam.  One  major 
problem  with  TOF  measurement  of  beam  energy 
width  is  associated  with  contributions  from  the 
various  components  of  the  beam.  Each  of  the  He 
charge-transfer  products  1 'S,  2 ‘S,  2'P,  2’S, 
and  2^P  has  a different  energy  defect  and  produces 
fast  neutrals  of  slightly  different  energy.  The  2'P 
component  radiates  to  become  ground-state  He(l  'S) 
which  can  contribute  to  the  apparent  beam  energy 
width  but  iIdcs  mil  contribute  to  the  scattered  ion 
peak  in  Fig.  2.  The  s:uiic  argument  holds  tor 
ll(■(l  '.s)  formed  directly  by  charge-transfer  reac- 
lioiisllial  yield  e.xciled  C.s*  slates.  The  amoiinl 
of  broadeninr,  (;uid  sliifliiig)  of  Hie  measured 
beani  eneii'.y  due  to  Ibis  eom|Minenl  depeixls  on 
ill.  relaliye  amoiinl  aiKl  al.so  on  whether  lle*(2  '.S) 
IS  loriiied  direclly  or  through  radiation  from 


He(2“/’).  In  addition.  Hie  act  of  pulsing  the  beam 
can  (lerturb  its  measured  energy  distribution  from 
the  unpulscd  value,  usually  broadening  it  some- 
what. The  result  is  that  the  "measured”  widths 
of  the  neutral  beam  were  variable  and  usually 
larger  than  the  1.8  eV  upiier  limit.  Hence,  the 
true  energy  profile  of  the  metastable  beam  cannot 
be  obtained  from  the  TOF  measurements. 

Obviously  the  ion  beam  energy  width  can  be  used 
as  a lower  limit  for  that  of  the  metastable  beam. 
Measurements  with  the  energy  analyzer  suggest 
a width  of  ~1.0  eV  for  the  parent  ion  beam.  Then 
the  energy  width  of  the  emitted  electron  distribu- 
tion could  be  as  much  as  ~(1.8^  - 1.0’)'  ^^=1.5  eV, 
but  is  probably  smaller.  The  uncertainty  in  beam 
energy  width  precludes  any  serious  attempt  at 
deconvoluting  the  measured  energy  profiles,  but 
the  3.1  eV  FWHM  of  the  127'' energy  analyzer  is 
the  major  source  of  energy  broadening.  One  can 
still  conclude  that  the  ions  observed  (Fig.  2)  cor- 
respond to  low  energy  (<  1 eV)  electrons  having  a 
small  (<1.5  eV)  spread  in  energy. 

Figure  3 shows  representative  collisional  ioniza- 
tion data  at  c.m.  energy  £,,„=99  eV  (£(,=  198  eV). 
The  intensity  scale  is  arbitrary;  but  the  various 
curves  have  been  normalized  to  each  other  by  an 
angular  scan  that  compares  the  peak  intensity  from 
one  angle  to  the  next.  The  data  are  presented  in 
the  laboratory  frame  without  any  deconvolution; 
the  measured  intensity  is  proportional  to  d’o/ 
dUdE',  where  dfl  is  a differential  laboratory  .solid 
angle  element.  Various  values  of  the  c.m,  energy 
loss  A£  calculated  from  Eq.  (4)  h.avc  been  indicated 
on  Fig.  3.  At  every  angle  the  energy  loss  profile 
is  dominated  by  a ixi.Tk  at  A£  = 5.0  oV  This  com- 
ponent of  the  He*  product  di.stribution  is  labelled 
"A"  and  will  be  discussed  below.  Other  prominent 
features  are  designated  B,  C,  and  D and  will  also 
each  be  a.tscribed  in  terms  of  specific  excitation 
mechanisms.  Unlabelled  features  at  large  energy- 
loss  values  and  large  angles  can  have  several 
causes  and  will  only  be  mentioned  briefly. 

Figure  4 shows  similar  representative  data  at 
a c.m.  energy  = 199  eV  (Eg=  398  eV)  As  in 
Fig.  3,  the  intensities  are  normalized  to  unity  at 
the  peak  of  the  distribution  (e^  = 0.0',  A£  = 5 eV), 
and  prominent  features  are  labelled  for  subsequent 
discussion.  The  distributions  at  rngles  smaller 
than  1.0°  (not  shown  in  Fig.  4)  are  quite  similar 
at  the  same  value  of  to  the  corresponding 

small  angle  data  at  the  lower  collision  energy, 
although  the  feature  labelled  “P"  is  lessprominent 
than  it  is  in  Fig.  3. 

At  50  eV  c.m.  energy  the  sc;ittered  sign;U  is  sig- 
nificantly smaller  than  at  the  higher  energies, 
which  causes  difficulty  in  observing  any  more  than 
the  most  prominent  features.  Energy  scans  at 
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laboratory  anules  of  0 (Fig.  2)  and  1.2  show  only 
feature  with  an  energy  loss  peaking  at  A£ 

= 4.5  eV;  for  angular  scans  at  a fixed  Ajt'  = 4.5  eV, 
it  was  possible  to  follow  this  feature  out  to  -5'’ 
before  it  became  comparable  in  size  to  the  back- 
ground noise. 

The  laboratory  data  can  be  converted  to  cor- 
responding c.m.  differential  cross  sections  through 
the  transformation 

d^Hl£'^„  , ' dndE" 

where  r/o.*  is  the  c.m.  solid  angle  volume  element, 
is  the  product  relative  translational  energy, 


and  jr'/r'  can  be  determined  using 


and  Eq.  (4).  For  the  small  scattering  angles  and 
relatively  small  energy  losses  evident  in  the  data 
considered  here,  the  Jacobian  of  transformation 
w'/tj'  varies  by  little  more  than  10%  over  the  en- 
tire range  of  data.  Transformation  to  the  c.m 
would,  for  example,  decrease  the  intensity  of  fea- 
ture C in  Fig.  3 by  only  about  6%  relative  to  peak 
A.  These  changes  ai'e  comparable  to  estimates 
of  the  uncertainty  in  peak  ratios  associated  with 
the  energy  scanning  method  used  in  these  experi- 
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ergy distrtimtions  for  Ik'* 

+ He  collisions  nt  n c.m. 
collision  energy  of  09  eV. 
Kach  s)K*etntm  l.s  InhelhMl 
with  tlu*  incident  beam  en- 
ergy and  laboratory  scat- 
tering angle.  All  differ- 
enlial  cross  sections  are 
normallz('d  arbitrarily  to 
unity  at  the  pc'ak  of  the  dis- 
tribution at  0"  using  angu- 
lar normalization  data  to 
compare  the  diffori'nt 
angles.  Itepreseutntive 
values  t>r  the  e.m.  emlo- 
thennieitx  are  indi- 
eated  tor  each  s(»«’elrum; 
the  letters  /I  . and 

l>  refer  to  Hu*  ioni/alion 
IValures  deseribefl  in  ;!u' 
text. 
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iiionls  (.SCO  “Apparatus”),  and  the  two  effects 
sluiuld  partially  compensate. 

The  c.m.  distributions  will  not  be  shown  directly 
due  to  problems  associated  with  presentint;  the 
data  in  that  format.  As  is  evident  from  the  kine- 
matics, a particul'.ir  laboratory  an(;le  docs  not 
map  into  a .sin({lc  c.m.  anc.le.  llonco,  c.m.  cnoricy 
loss  di.slributions  at  .si)ecifiod  angles  must  bo  ob- 
tained by  interpolation  of  laboratory  data,  or  the 
c.m.  data  must  Ijc  presented  as  an  cnerKy-anule 


contour  map  of  product  intensity  In  cither  ca.so, 
the  large  variation  in  product  intensity  (>1(1*)  im- 
plies that  a significantly  larger  set  of  data  would 
be  needed  to  produce  and  to  present  c.m.  results 
with  the  clarity  of  detail  possible  in  Figs.  3and4. 
The  existing  data  arc  adequate  for  extracting  the 
ossonliid  aspects  of  the  primary  ionization  pro- 
cos.ses  ob.scrvod  without  transforming  to  the  c.m. 
A rough  estimate  of  the  e.m.  scattering  angle  d,.„, 
is  its  lower  limit 


t-'K!.  l.  ltfiirosci\t:iUv<' 
lie'  prochict  t.iboralory  en 
orgy  <listrllmtion.s  for  !!<'• 

+ llc  eollisioiis  at  a c.m. 
collision  energy  of  19!)  cV. 
See  legend  for  Fig.  a.  The 
triangular  data  points  in 
panels  g and  h present  e.s- 
timate.s  of  the  He’  produced 
from  ionization  of  the 
ground-st.ate  comixmeni  of 
the  beam;  contribiilion.s 
from  this  channel  are.  in- 
signific.ant  for  the  otlier 
angles  shown. 
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involves  the  same  conversion  factor  uschI  in  Kq.  (5) 
for  relating  laboratory  and  c.in.  differential  cross 
sections.  Aqain  for  the  low-antile  scatterinn  and 
small  encruy  losses  measured  here,  the  ranj?e  in 
I '/n'  is  small;  in  Fin.  3,  0^^  would  be  ~1%  and  B% 
hinher  than  the  estimate  of  Eq.  (7)  for  peaks  A and 
C,  resix'ctively,  at  all  angles. 


Angular  dislributiuiis 


The  annular  normalizations  referred  to  above 
involve  measurements  of  the  angular  di.stribution 
of  a specific  feature  by  adjustment  of  the  analysis 
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ITC!.  3.  Il.xporiincnt.nl  anniilnr  distribiitinns  of  the  He* 
iiMi.-i  from  fe.ntiire  y1  at  an  enernv’  lo.s.s  of  ■“  5 eV.  Plotted 
are  (hi'  differential  cross  section  do /rfI2  and  the  re- 
duced cross  sections  P,  sinO,  (i/ii/dJl)  vs  the  reduced 
■aiii'le  I f „P,  in  Hie  lalioralory.  The  anaionoiis  e.m. 
cross  seelions  differ  insignifieaniiv.  The  e.m.  enernv  is 
Midie.aleil  lor  eaeli  enrre.  TTie  inlensilv  tinils  are  aiTii- 
(iar\'.  lull  (lie  rel.atii’c  inlensilies  for  llii’  (liree  energies 
are  ati|iro\imaf(*  I'alites  olitained  fiaim  eoniiiaring  tile  ion 
si;cnal  lo  Hie  iM-ani  intensity  at  each  of  the  energies. 


energy  In  Iraasmil  Ihe  peak  of  Hie  fealiire  al  eyei  v 
.iiii'le.  Our  preliniiiiary  iithhT'  mi  (his  wnik  pie 
.■.eiileil  aiii'.iilar  inn  iiial i/al  inn  dal  a fni  pi  al.  /I  al  all 
lliree  ciillisinii  laiei'i'.ies  sliidieil.  TTiii.';e  disli  dm 
lions  (shown  in  Fig.  fi)  were  used  In  iiorniali/.e 
energy  distributions  from  one  angle  lo  tinother. 

The  angular  distributions  for  all  of  Ihe  other  ma- 
jor ionization  features  are  more  difficult  lo  deter- 
mine, since  there  is  only  a limited  range  of  angles 
for  which  each  feature  is  clearly  resolved  from 
other  channels.  Figure  C shows  an  angular  nor- 
malization for  feature  C at  = 199  eV  This 
reduced  e.m.  plot  of  p=  0 sinO  (tia/ tU')  vs  T = is',.„0 
has  the  threshold  behavior  characteristic  of  an 
inelastic  process  occurring  on  a repulsive  wall'"''' 
and  contrasts  markedly  with  the  apparent  lack  of 
an  inelastic  threshold  seen  in  Ihe  p-r  plots  for 
feature  A (Fig.  5).  Defining  the  threshold  t,  as 
the  T value  corresponding  to  half  the  peak  v:due, 
one  obtains  from  Fig.  G a threshold  of  t,  = 725  + 25 
cV  deg  for  feature  C.  The  result  is  the  same  at 
AV„,  = 99  eV. 

Since  feature  B first  appears  at  small  angles  as 
a shoulder  on  peak  A,  its  angular  deixjiidence  is 
difficult  to  determine.  The  rapid  decrease  in  its 
intensity  da/dU  as  it  shifts  to  larger  AE  values  at 
larger  angles  suggests  that  its  angular  dependence 
is  qualitatively  similar  to  that  of  feature  A,  but  no 
p-T  angular  threshold  can  be  determined. 

Feature  D is  only  observed  at  small  angles, 
disappearing  above  t = 600  eVdeg,  although  it 
could  be  masked  by  the  shifting  of  feature  I!  toward 
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IMG.  (».  plot  in  llu'  r.ni.  of  Iho  oxix  riinonlnl 
Inr  distribution  of  tho  lk‘*  ions  from  fonluro  C at  /:\j„ 
^199  eV.  Data  |K)ints  in  Iwo  diroidions  from  llu*  He  * 
i)oam  arc  Indioalud  by  tho  symbols  and  -0, 
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and  throu};h  the  same  ener^^y-loss  values.  A c m. 
aniiular  distribution  for  an  enerny  loss  of  19  eV 
(corresponding  to  jieak  D is  shown  in  Fig.  7 at 
£j„  = 99  eV.  The  measured  threshold  t,  is  ~310±15 
eV  deg  and  the  distribution  (leaks  near  t-  450  t40 
eVdeg,  Beyond  600  cV  deg  the  intensity  incroa.sc 
is  due  to  the  shifting  of  peak  H to  higlier  energy - 
loss  values. 

At  0i,„i:lO',  where  the  intensity  was  too  small 
for  detailed  double  differential  cross  section  mea- 
surements with  detector  B,  supplementary  mea- 
surements of  angular  distributions  da/dil  were 
made  with  detector  A.  Although  these  measure- 
ments cannot  yield  detailed  information  on  the 
product  c.m.  distribution,  they  are  still  useful 
for  e.stimating  the  fraction  of  the  total  ionization 
cross  .section  scattered  at  20“  10'  for 

forward-scattered  ions).  This  is  the  fraction  of 
the  total  cross  .section  that  has  not  been  examined 
by  energy  aniUysis.  At  = 200  eV  this  fraction 
is  estimated  to  be  less  than  30%  of  the  total  cross 
section.  At  higher  energy  the  distribution  is  even 
more  strongly  peaked  at  small  angles. 


filled  with  He  gas  and  scattcied  ;uul  delected  under 
identical  conditions  to  those  for  the  melaslahlc 
beam.  Two  energy  profiles  for  reaction  (3)  arc 
included  in  Fig.  4 (jianels  g and  /;)  for  laboratory 
scattering  tmgles  of  5.1  (t  2030  eV  deg)  and  9.0 
(t  3000  eV  deg).  The  normali/alion  of  the  rei.tills 
lo  the  mixed  metaslable-ground-statc  hoani  used 
in  Fig.  4 is  based  on  an  estimated  llc/lle»  ratio  of 
2 : 1 in  the  metastable  l)eam.®  The  shai>e  of  this 
distribution  is  quite  comparable  lo  profiles  oti- 
lained  by  Brenot  cl  «/.*  under  similar  conditions. 

Clearly  the  ground-state  contribution  at  9 (3600 
eV deg)  is  quite  substantial  for  lai'ge  values  of  a£. 
The  contribution  at  5.1°  (t  = 2030  eV  deg)  is  small 
(certainly  less  than  10%  at  all  values  of  AF).  and 
at  even  smaller  angles  it  is  negligible.  Tlie  data 
at  lower  energies  (Figs.  2 and  3)  .are  all  at  t val- 
ues low  enough  lo  be  virtually  unaffected  bv  con- 
tributions from  eollLsional  ionization  of  ground- 
state  He  in  the  lieam.  The  uncertainly  due  lo 
ground-stale  contributions  beyond  '3000  eV  deg 
suggests  caution  in  drawing  any  conclusions  from 
the  scattering  results  at  large  t values. 


Background  due  to  ground  state  He  in  bean 

The  effect  of  reaction  (3)  can  be  examined  most 
re.adily  by  replacing  the  mixed  metastable-ground- 
state  beam  by  abeam  of  pure  ground-state  He. 
rhe  He  beam  (£„  = 398  eV)  was  produced  by  reso- 
nant charge  transfer  in  a charge-exchange  cell 
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FIG.  7.  p-T  plot  In  the  c.m.  of  the  experimental 
angut.nr  distribution  of  the  Me*  ions  at  A£=19  for 
/■-Vn,  if!)  eV.  Feature  P ap|X'ars  at  small  r values;  be- 
yonil  - liOO  eVdeg,  other  processes  contribute  at  this 
A/'  value. 


Olher  possible  beam  conlamiiianls 

Since  there  is  no  mass  selection  for  the  primary 
ion  beam,  concern  arose  over  the  possibility  of  a 
small  contaminant  beam  component  yielding  sig- 
nificant Intensity  of  product  ions.  For  example, 
a small  leak  of  N2  into  the  source  would  yield  an 
Nj*  component  in  the  ion  beam  (perhaps  enhanced 
in  intensity  due  to  Penning  reactions  in  the  ion 
source);  near-resonant  charge  transfer  of  Nj*  with 
Cs  would  produce  N2(C''^I1J  and  r.adiation  cascade 
would  yield  a mixture  of  N^,*(B’ll^)  arid  N2*(A^M„'). 
These  could  be  collisionally  ionized  in  the  scatter- 
ing cell  and  Nj*  would  be  detected  along  with  the 
true  He*  signal.  To  eliminate  the  possibility  of  any 
such  contaminants,  a TOF  experiment  was  per- 
formed using  the  siuiie  pulsing  metluxi  .applied  lo 
the  beam  energy  determination.  In  this  ca.se.  how- 
ever, the  flight  lime  was  measured  from  the  pul- 
ser  through  the  127“  analyzer  to  detector  B.  Since 
mass  4 (He*)  is  so  far  removed  from  any  of  the 
possible  contaminant  masses,  its  flight  time  was 
easy  to  resolve  and  identify.  This  method  of  si- 
multaneously determining  the  velocity  and  energy 
of  an  ion  was  used  to  verify  that  each  of  the  four 
major  ionization  features  (A,B,C,D)  was  due  to 
mass  4 (He*);  no  significant  contamination  of  the 
results  with  other  masses  was  observed. 

Other  ionic  products 

The  associative  ionization  reaction 
He*  + He  - He  * + e*  (9) 
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is  R'ss  cndollioriiiic  than  reactions  (1)  and  (2)  and 
inij'lil  contribute  to  the  reaction  cross  section  at 
low  energies.  However,  at  the  energies  consid- 
ered here,  the  electron  must  remove  considerable 
enei'i'y  to  stabilize  the  product  ion;  and  associative 
ionization  is  unlikely.  Since  the  He^*  product  ions 
are  expected  to  have  “exactly”  the  velocity  of  the 
center  of  mass,  one  can  collect  any  products  ef- 
ficiently at  an  analysis  ener|:;y  of  half  the  incident 
beam  energy  and  an  angle  of  O'".  We  could  delect 
no  evidence  of  associative  ionization  in  these  ex- 
periments. 

Another  possible  reaction  produces  the  stable 
He'(l.s-2s2/))'P  ion*"  through 

He*(2  ’S)  + He(l  ‘S)  - He*(^S)  + He'{’P)  - 24.5  eV. 

(10) 

The  energy  loss  of  24.5  eV  confines  any  fast  He' 
(i.e..  He"  produced  in  the  forward  direction  cor- 
responding to  slow  He*  product)  to  a specific  ve- 
locity at  every  scattering  angle.  With  a 398  eV 
He*  beam  a search  for  He"  was  made  but  no  con- 
vincing evidence  of  its  presence  was  obtained  We 
concluded  that  reaction  (10)  could  contribute  no 
more  than  a very  small  fraction  of  the  He*  signal 
seen  at  25  eV. 

DISCUSSION 

As  mentioned  previously,  we  will  initially  con- 
centrate our  attention  on  He*(2“S)  because  it  is 
predicted  to  be  a much  larger  fraction  of  the  beam 
than  He*(2‘S);  effects  possibly  due  to  the  He*(2  ’S) 
component  will  become  apparent  as  we  proceed  in 
the  discussion. 

The  interpretation  of  the  He*(2  ^S)  + He(l  *S)  col- 
lisional  ionization  data  requires  not  only  a knowl- 
edge of  the  potential  energy  curves  for  the 
He*(2’S)  + He  system,  but  also  a knowledge  of  the 
various  potential  curves  for  the  He*  + He  system. 

In  order  to  understand  these  processes,  we  utilize 
the  HCj*  and  He^*  potential  energy  curves  shown  in 
Fig  8.  The  ’ll,*  adiabatic  potential  of  He^*  is  taken 
from  the  work  of  Lenamon  c/  «/.,”  and  the  ’ll,* 
diabalic  potential  is  from  the  paper  by  Evans  <■/ 
a/."  will)  an  exponenlbU  extrapolation  in  the  repul- 
.sive  region.  The  ’ll,*  and  ’ll/  ix)tentials  of  He^,* 
ar»'  from  the  work  of  March!  and  Smith*’  with  the 
well  depth  of  the  ’S,*  state  increased  slightly  to 
agree  with  the  more  accurate  results  of  Liu.*® 

The  ’r,*  potential  curve  of  He*  + He*(2’S)  is  ob- 
tained from  an  analysis  of  inelastic  scattering 
data.*’ 

Given  this  available  potential  energy  curve  infor- 
mation,'* we  can  calculate  the  deflection  functions*® 
for  several  possible  mechanisms  for  each  ioniza- 
tion process  observed  experimentally.  Then,  by 
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FIG.  8.  Several  of  the  HCj*  and  Ilcj*  potential  eiirves 
useful  for  a deseription  of  ionization  in  IIe»(2 ’S)  + lie 
collisicms.  Sources  for  curves:  adiabatic ’H,’  from 
Lenamon  et  al . (Ref.  1.5);  diabatic  ’l,*  from  Ev.ans 
el  al.  (Ref.  14)  with  an  exponentiai  extrapolation  at 
small  R;  and  repulsive  ’i;,'  from  Marchi  and 
Smith  (Ref.  1.5)  with  the  well  dcplh  adjusted  to  Liu's 
value  (Ref.  10);  and  upper  from  Olson  (Itef.  17). 

Tlic  ’r„*  curve  correlating  asymptotically  to  lle*(2\) 

+ Hc(l  '.S)  is  not  shown;  half  of  the  incoming  lle*(2 
metastables  follow  this  potential. 

comparing  the  observed  and  calculated  angular 
thresholds,  energy  losses,  and  cross-section  be- 
havior, we  can  appraise  the  success  of  various 
proposed  mechanisms  at  reproducing  the  experi- 
mental results. 

We  will  divide  the  theoretical  interpretation  into 
several  parts,  each  of  which  is  concerned  witli  a 
specific  feature  of  the  collisiomil  ionization  of 
He*(2’S). 

Process  .1 

The  most  prominent  ionization  mechanism  yields 
a peak  of  high  intensity  found  at  a A£  of  aiiproxi- 
mately  5 eV  associated  with  ground-stale  ion  prod- 
ucts and  very-low-energy  electrons.  Tliis  iwak 
has  an  extremely  large  intensity  and  more  sur- 
prisingly, is  found  at  very  small  scattering  aiHiles, 
peaking  at  0*.  If  there  is  an  angular  threshold  in 
the  p-T  plots  (Fig.  5),  it  must  be  at  t values  below 


j 


i 


i 


(ill.  I.  KN.  r 1:1' I II  SO  ^ , \ Ml  Ol.  SON 


r. 


r>:i6 

100  cV  lic^  . 

Wc  have  t‘;Jculalo(l  the  (lelleel ion  lunctions  for 
two  possilile  paths  that  e;ui  lead  to  an  cneipy  loss 
of  aiiproxinialely  5 eV.  One  possibility  is  for  the 
particles  to  follow  the  adiabatic  'i;,*  jiotential  !uid 
then  triinsfcr  to  tlie  “>:„•  potential  of  Ht\*  on  llie 
repulsive  walls  of  the  potentials  with  ejection  of  ti 
very  low  enerny  electron,  1 eV.  Another 
incchanisni  involves  tlie  small  percentav.e  of  the 
llc*(2  VS')  t lie  collisions  wliic-li  follow  the  diabatic 
potimlial  and  emit  a low-enerpy  electron  upon 
crossinc,  into  the  lie,’  i c <-onlinuuni.  We  have 
shown'  that  an  ionization  mechanism  based  on  the 
adiabatic  iijiproach  would  yield  an  ionization 
threshold  at  apiiroximatcly  700  eV  det;,  and  no 
scattering  at  small  angles,  in  complete  disagree- 
ment with  the  experimental  results.  Although  half 
of  the  incident  He*(2''6’)  follows  the  adiabatic 
potential  not  considered  here,  tiny  ionization  from 
this  less  repulsive  curve  must  occur  at  much 
smaller  R and  yield  a threshold  angle  even  further 
from  the  experimental  result.  In  contrast,  the 
diabatic  approach  mechanism,  whose  deflection 
function  is  shown  in  Fig.  9,  leads  to  a consider- 
able amount  of  scattering  near  0°.  The  reason  for 
this  is  the  large  range  of  impact  parameters 
(/)~  1 Ta„-2.6(tg)  contributing  to  the  small  angle 
scattering  as  seen  in  Fig.  9,  and  the  tact  that  the 
intensity  at  small  angles  is  further  accentuated 
by  an  inelxstic  rainbow  effect  due  to  the  minimum 
on  the  diabatic  deflection  function.  The  attractive 
forces  on  the  ion  cui-vc  cs.sentially  compen.sate 
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I KI.  !l.  I k'lli'cl  Ion  liiiu'lion.x  vs  ini|i,ncl  |l.■M';on('t(•r 
(-niritl.'tlisl  for  «‘ollisions  following  tho  dinlKillc  |M)- 

li  nll.il  shown  in  I'ig.  s.  i.oi-  r .,,  ionizalion  iKours  nl 
llw  liisi  crossing  inlo  Ihr  oonlinumn  nl  iminl  A in  l'’ig. 
S;  t II  is  Iho  (h'ilorl ion  fiinction  ohlninod  w'lu'ti  ioni/.nlioii 
tM-f-iir.s  :il  Iho  ol.'tssioni  liirning  )Hiinl  nnd  tho  prtsinols 
sopni'nlo  on  lh<‘  gnninil- sl.nlo  ion  oiirvn';  is  oalciil.itod 
nsstiniing  linnslor  lo  Iho  oxcltod  ion  curve  in  re- 
giiHi  ('  of  I'ig.  8. 


loi  Ihe  ri'pulsive  loin-os  cni  llic  iinonoii"  thnli.ilii 
sinie,  l•e^^ullint',  m .smull  ovoi  .ill  d•■lll•l■l  imi  mr  li  :• 
Hence,  it  apix-ars  thal  Ihedomimmi  ioiMz..ii nni 
mechanism  occurs  through  a diabalie  i h.innel. 

We  can  estimate  the  percentage  ol  Ihe  paii ii  b .s 
that  follow  the  diabatic  iiolential  into  llie  con- 
tinuum by  using  Ihe  transition  probabilli les  cai- 
culated  by  Kvans  cl  nl  " tor  Ihe  reacUon  He*(2  '' 

4 He  - lle(2  '/')  i lie.  This  is  a single  Ir.iiisiti  'ii 
from  the  lowest  to  llie  next  highcsl  adi.ibalic  ' 
potential  curve.  Following  Ihe  di.ibalie  po- 
lenlial  inlo  Ihe  eonlinuuni  ean  Ik-  viewed  as  involv- 
ing a series  of  such  li  ansilions  belwi'en  siicee.s- 
sively  liigher  and  closer-spaced  .idialialic  curves. 
Tho  spacing  belween  the  first  Iwo  adiabatic  curves 
is  much  larger  than  the  other  spaciae.s.  imphiiv. 
that  the  transition  probability  into  Ihe  continuum 
is  not  very  different  from  Ihe  value  for  this  first 
crossing.  The  elo.se-couplcd  transition  firobabili- 
ties  of  Evans  cl  nl  '''  can  be  u.sed  lo  obtain  the 
jumping  probaliility  from  2 ’’.S'  lo  2 'R  in  a single- 
crossing  of  the  region  of  mixing.  For  impact 
parameters  near  the  inelastic  rainbow  this  prolia- 
bility  is  a few  tenths  of  a percent  at  a c.m.  colli- 
sion energy  of  50  eV  and  2-5%  in  the  energy  range 
from  100  to  200  eV.  The  coupling  matri-x  elements 
calculated  by  Cohen’”  for  the  higher  crossings  cim 
be  used  in  a Landau-Zener  treatment  lo  estimate 
that  the  overall  probability  for  continuing  diabatic- 
ally  into  the  continuum  Is  '50-90't  of  the  2 
probabilities  in  this  energy  range.  Hence,  the 
overall  transition  probabilities  are  substantial  and 
increa.se  by  approximately  ;ui  order  of  magnitude 
from  50  to  200  eV.  This  is  in  good  qualitative 
agreement  with  Ihe  estimated  e.xperimental  energy 
dependence,  obtained  from  a norm.-Uization  of 
product  ion  signals  at  the  three  energies  (Fig.  5). 

A schematic  molecular  orbital  correlation  diagram 
for  He  + He  collisions  is  .shown  in  Fig.  10.  In  a mo- 
lecular orbital  picture^'  the  diabatic ’t),  ‘ state 
has  l.s(T^2/)o^2.sa,  character  at  small  H and  the  ion- 
ization involves  a two-electron  transition  to  the 
Ionic  state  1.so^2/)ct„  and  a free  electron.  One  elec- 
tron drops  down  to  fill  the  vacancy  in  the  lowest 
molecular  orbital  while  another  is  promoted  into 
the  continuum. 

The  small  component  of  Ile*(2‘S)  in  the  beam 
has  an  analogous  diabatic  'il,*  path  into  the  con- 
tinuum. The  diabatic  'y./  potential  and  the  low- 
lying  adiabatic  ‘il,*  potentials  have  been  calculated 
by  Guberman  and  Gwldard.--  The  major  relevnni 
difference  between  the  :uid  potentials  lor 
a comparison  of  overall  probabililies  for  proceed- 
ing diabalic.ally  into  the  continuum  invohes  a 
smaller  splitting  in  the  case  between  Ihe  in- 
coming (2'.S)  and  the  ee.xl  highest  (2  '/•’)  adiabatic 
curve.  Close-coupled  transition  probabililies  are 
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KIG.  10.  Molecular  orbital  correlation  diagram  for 
Bc*i  Ilc+He  showing  schematically  the  lowest  orbltal.s. 
Tlic  orbitals  are  labelled  in  united  atom  nomenclature. 
The  circled  arrows  al  the  right  represent  the  electrons 
in  the  configuration  l.<(r,2/)(r2is(i,  corresponding  lo  the 
incoming  dlabatle  molecular  |)otcntlal.  The  singlet 
case  is  similar.  The  vertical  arrows  labelled /I , B,  D, 
and  C show  the  two-electron  transitions  associated  with 
the  processes  described  in  the  text.  Process  D is  not 
possible  for  the  triplet  component  of  the  beam,  but  is 
obsi'rvcd  for  singlet  metastables  approaching  along  the 
(liabatie  'l,'  potential:  the  transition  ls(T,2/)(r22so, 

• l.sct* 2.s'ii^  is  followed  by  ionization  at  large  distances. 

m>l  :iv:iii:il>ic  for  the  ('>;,’)He*(2 ‘.S’)+  Hc-He(2‘/^) 

I lie  ('M'il:il ion,  liiil  ilio  .smaller  .spliltinir^  implic.s 
a nincli  I'.reali'r  Iransilion  probability,  willi  a ni:ig- 
niliidc  of  nniglily  20-r)0'/[(  in  the  c.m.  energy  range 
SO- 201)  eV. 

The  r:ilio  of  lle*(2 '.S)  lo  He*(2'S)  in  the  beam  is 
e.slimaled  iheorelically  to  be  ~30-50  in  this  energy 
range,”  Comparing  the  estimated  beam  ratios  and 
estimated  transition  probability  ratios  for  the  two 
metastable  components  of  the  beam  suggests  that 
the  contribution  of  the  He*(2  ’S)  metastable  to  the 
collisional  ionization  may  be  substantial,  especial- 
ly at  £\„,  = 50  eV  where  the  transition  probability 
along  the  diabatic  ’S/  potential  becomes  quite 
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Since  the  beam  composition  and  di;d);ilic  Iransi- 
lion probabilities  :ire  only  thcorelical  e.stimates 
with  no  exiierimentjU  confirmation,  the  relative 
contribution  of  He*(2'.S')  to  the  ionization  can  only 
be  crudely  o.stimatcd;  and  there  is  no  e;usy  way  to 
sepaj’ate  Ihe  Iwo  contributions  cxix'rimentally. 

The  difference  in  initial  energy  of  0.8  eV  between 
the  two  levels  implies  lh.it  the  deflection  function 
for  ionization  of  the  He*(2‘.S')  should  be  slightly 
less  repulsive  than  the  calculated  result  for  the 
2”S  component  (Fig.  9)  and  that  the  energy  loss 
values  should  be  lower  by  0.8  eV.  It  should  be 
noted  that  as  the  c.m.  energy  varies  from  50  to 
200  eV  the  measured  energy  loss  of  peak  A varies 
from  4.5  ±0.5  to  5.5  ± 0.5  eV,  consistent  with  the 
suggested  decrease  in  the  He*(2*S)  contribution 
with  increased  energy.  However,  another  effect 
can  be  responsible  for  this  shift,  an  increase  in 
the  emitted  electron  energy  with  increased  colli- 
sion energy  due  to  quicker  transit  into  the  contin- 
uum.^’” Other  strong  evidence  for  contributions 
of  He*(2'S)  to  the  observed  ioniz.ition  exists  in 
our  ob.scrvation  th.it  process  D is  due  entirely”” 
to  the  singlet  component  of  the  beam ; clearly,  the 
He*(2'S')  contribution  to  other  ionization  features, 
including  feature  A,  cannot  be  discounted. 

Our  description  of  process  A has  so  far  been 
limited  to  a single  channel  even  though  other  con- 
tributions to  ionizations  with  an  energy  loss  of 
~5  eV  are  possible.  For  example,  one  can  follow 
the  diabatic  (or  'T/)  curve  all  the  way  to  the 
turning  point  and  ionize  on  the  ouli’oittf’  trajectory 
near  the  crossing  nut  of  the  continuum.  This  pro- 
cess involves  a larger  amount  of  repulsive  inter- 
action and  should  not  contribute  to  the  intense 
forward  scattering.  However,  if  a significant  frac- 
tion of  the  incoming  flux  can  reach  and  return  from 
the  inner  turning  point  without  suffering  autoioniza- 
tion, this  channel  might  contribute  to  feature  A at 
larger  t values. 

Consider  further  the  case  where  the  outgoing 
flux  continued  down  through  the  continuum  crossing 
without  autoionizing.  Since  the  original  prob.ibility 
of  following  the  di.nbatic  curve  into  the  con- 
tinuum was  small,  the  chance  of  returning  el.asli- 
Ciilly  must  also  be  small.  This  could  lead  lo  exci- 
tation of  excited  states  lying  between  Ihe  incoming 
level  and  the  continuum.  Among  these  arc  e.xciled 
ionic  states  of  the  form  He*+ Hc'(ls”»f).  Although, 
to  our  knowledge,  there  is  no  evidence  for 
He*(ls”nf)  states,  they  may  exist  in  the  field  of  a 
He*,  yielding  potentials  that  are  Coulombic  at  large 
distances  and  are  asymptotically  above  the  He*  •■  He 
continuum.  Barat  and  co-workers*’”  have  invoked 
such  states  to  explain  similarities  in  excitation 
and  ionization  channels  for  ground-state  He-He 
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collisions.  If  ihe.sc  states  are  populated  on  the 
outnoini;  lep  of  the  trajectory,  they  will  cross  into 
the  continuum  at  larpe  di, stances,  yieldinp  a low 
enerpy  electron  and  contributinp  to  process  A. 

The  Coulonibic  attraction  can  compensate  for  the 
earlier  repulsion  to  produce  low  anple  scatterinp 
and  an  inelastic  rainbow.  Another  possibility  in- 
volves collisions  followinp  the  adiuliatic  ^1!,/  (or 
'.'J,')  potential  to  the  turninp  point,  then  makinp  a 
transition  (diabatic)  to  a lle'+  He"  jjotential  on  the 
outpoinp  trajectory.  In  either  case  the  Coulonibic 
exit  channel  must  pass  diabatically  with  little 
interaction  at  large  distances  through  a manifold 
of  excited  neutral  states  of  the  same  symmetry  if 
the  continuum  is  to  be  reached. 

In  a companion  paper,  Saxon  el  alP  calculate 
the  lowest  ‘S,*  potential  curves  of  He^  formed  from 
Is  and  2s  electrons.  There  are  two  singly  excited 
‘S,*  curves  associated  with  He*{2  *S)  + He(l ‘S)  and 
He*  + He"(ls*2s,  2*S),  respectively,  at  large  dis- 
tances. The  repulsive  diabatic  *E,*  potential  has 
the  character  of  the  He*  + He  adiabatic  curve  at 
large  distances  and  resembles  the  He*  + He'  adia- 
batic potential  at  smaller  R. 

At  present,  evidence  for  possible  contributions 
to  process  A from  large  distance  autoionization 
along  a Coulombic  He*+  He"  potential  are  rather 
difficult  to  separate  from  the  mechanism  proposed. 
Other  ionization  features  discussed  below  demon- 
strate directly  the  importance  of  the  repulsive 
diabatic  potential,  whereas  evidence  of  the  long- 
range  autoionization  comes  indirectly  from  other 
experimental  results  on  the  He+He  system.'*’* 

The  various  possible  contributions  to  feature  A for 
each  metastable  should  interfere  coherently,  and 
any  oscillations,  if  they  were  to  be  observed, 
could  possibly  be  identified  with  specific  channels. 
Unfortunately,  the  oscillation  patterns  might  be 
washed  out,  since  there  are  several  possible  im- 
portant interfering  channels  for  two  different 
incident  metastables. 


Proi  css  R 

One  of  the  most  interesting  observations  is  an 
energy  loss  that  changes  with  .angle  iuid  collision 
encrg.y  tiut  is  well  correlated  with  the  reduced  an- 
gle r /'.n  (see  P'ig.  II).  This  implies  that  the 
energy  loss  piax’ess  depends  directly  on  the  im- 
pact paraiiu’ter.  The  observed  energy  los.ses  in- 
crease with  increasing  t and  vary  from  approxi- 
mately !>  to  20  eV,  with  values  outside  this  range 
possibly  obscurcrl  by  overlap  with  other  ionization 
features.  This  behavior  can  be  ascribed  to  a col- 
lision in  which  the  sy.stem  follows  the  diabatic 
incoming  channel  until  it  reaches  the  classical 
turning  point  /?„,  ionizes  at  the  turning  point,  and 


ITG.  11.  Experimental  energy  loss  values  for  ioniza- 
tion features  A and  B plotted  vs  t.  A theoretical  curve 
for  process  B is  shown  which  assumes  ionization  at  the 
turning  point  on  the  diabiitic  curve  shown  in  Fig.  S.  Note 
change  of  scale  at  high  T values, 

exits  along  the  ground  state  (*S„')He2*  potential. 
Ionization  at  the  turning  point  is  consistent  with  a 
classical  formulation  of  ionization  within  a con- 
tinuum where  the  probability  of  ionization  at  a 
given  impact-parameter  b is  given  by  an  integral 
over  all  internuclear  separations^'* 

Pio,ib)  = 1 - exp  (-2  R„Jl  _V(fiV£  -1'* ^ ■ 

Since  the  coupling  to  the  continuum,  the  width  T, 
is  divided  by  the  radial  velocity  before  integration, 
autoionization  of  the  molecular  state  formed  during 
the  collision  should  have  a pealt  at  the  distance  of 
closest  approach  where  the  radial  velocity  is  zero. 

To  demonstrate  this  effect  for  He*(2*S)  colli- 
sions, we  calculated  a deflection  function  using  the 
diabatic  potential  and  the  ion  potential 
(similar  results  would  be  obtained  with  incident 
He*(2*S)  metastables).  The  result  is  plotted  as 
Tg  in  Fig.  9.  Corresponding  energy-loss  values 
were  determined  from  the  potential  differences  at 
the  turning  point  and  are  plotted  along  with  the  ex- 
perimental data  for  feature  B in  Fig.  11.  The 
agreement  is  quite  good  except  at  the  large  r val- 
ues corresponding  to  small  R^  where  the  potenti;d 
curves  are  strongly  repulsive.  Here  the  energy 
loss  is  strongly  dependent  on  slight  changes  in  the 
relative  slopes  of  the  two  curves;  since  the  cal- 
culated curves  are  essentially  parallel,  the  pre- 
dicted energy- loss  values  become  constant. 

Consideration  of  the  molecular  orbital  characters 
of  the  two  relevant  potential  curves,  however, 
suggests  that  the  "true"  potentials  continue  to  sep 
arate  as  the  turning  point  decreases  and  that  the 
extrapolation  of  the  diabatic  curve  at  small 
distances  should  be  higher  than  shown  in  Fig.  8. 
Above  the  continuum  crossing,  the  diabatic 
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IJOtonlial  i.im  l>c  (.■h;ir;iclorizcd  by  the  conf iy.uralion 
Is'7,2/»aj2sf7„  while  the  uround-state  ion  po- 
tential has  a 1.sct^2/)o„  configuration  in  the  same 
region.  The  difference  potential  should  be  domi- 
nated by  the  extra  antibonding  2/>a„  electron  in  the 
potential  and  the  extra  bonding  Iso,  electron 
. in  the  ion  curve.  Actually,  the  diabatic  po- 

tential should  be  more  nearly  parallel  at  small  J{ 
to  the  ion  curve  whose  configuration  l.s(T,2/>a^ 
is  different  only  in  the  relatively  small  effect  of 
' the  2sct,  electron.  Hence,  a better  value  for  the 

potent!^  at  small  /f  should  yield  an  energy  loss 
[ ' for  process  B which  continues  to  increase  with  t, 

in  agreement  with  the  experimental  data.  The 
! ionization  process  is  again  a two-electron  transi- 

tion from  \sa^2po\2sa^  to  lsaj2/>a„+ e" , as  indi- 
l'  cated  schematically  in  Fig.  10. 

;;  The  experimental  data  (Figs.  3 and  4)  contain 

^ strong  evidence  of  secondary  structure  developing 

between  peaks  A and  II  at  large  angles  [Figs.  3(i), 
3(j),  4(d)-4(f)].  The  most  convincing  evidence  is 
obtained  from  the  similarities  in  this  secondary 
structure  at  different  energies  when  they  are  com- 
pared at  the  same  t value,  e.g..  Figs.  3(j)  and  4(d). 
This  structure  can  be  understood  by  considering 
the  consequences  of  the  fact  that  the  ionization 
does  not  occur  exclusively  at  the  turning  point. 

All  scattered  ions  from  process  B found  at  a 
, specified  energy  loss  AF,  correspond  to  a single 

internuclear  distance  R,  at  which  the  electron 
emission  occurs.  The  largest  intensity  is  as- 
sociated with  collisions  whose  turning  point  is 
precisely  fi,,  but  collisions  with  smaller  impact 
I parameters  can  ionize  at  R^  either  on  the  incoming 

or  the  outgoing  leg  of  their  trajectories.  For  the 
specified  energy  loss  A£,,  one  can  represent  the 
heavy  particle  interactions  by  translating  the 
ion  curve  upwards  so  that  it  intersects  the  in- 
coming diabatic  curve  at  R,.  Then  it  is  easy  to 
see  that  interference  between  ionization  on  the 
incoming  and  outgoing  legs  of  the  trajectory  yields 
Sliickelbcrg  oscillations  in  the  angular  distribution 
, equivalent  to  those  observed  in  a two-state  inelas- 

tic scattering  problem.''*  At  other  energy-loss 
values  Ihe  imgular  distribution  will  have  similar 
interference  structure,  but  wili  be  shifted  in  the 
same  way  that  the  angular  distribution  of  feature 
B shifts  with  energy  (Fig.  11). 

This  structure  in  both  angle  and  energy  is 
probably  responsible  for  the  secondary  oscilla- 
i tions  observed  in  the  data.  No  quantitative  analysis 

of  this  effect  will  be  attempted  since  the  quality  of 
■ the  data  does  not  warrant  it.  An  analysis  by  Sidis^* 

of  a similar  effect  observed  by  Barat  el  al?''  for 
the  reaction 

He*  + He  - He*  * 4 He  + o' 
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demonstrates,  however,  that  the  mechanism  pro- 
posed here  is  a reasonable  way  of  explaining  the 
structure. 

Procesi  D 

The  combination  of  small  scattering  angles  cou- 
pled with  large  energy  losses  (18.7  *0.5  eV)  for 
peak  D causes  some  difficulty  in  producing  a rea- 
sonable explanation  of  the  process  involved.  There 
appears  to  be  no  realistic  ionization  mechanism 
involving  He*(2*.S)  that  would  produce  such  a re- 
sult. However,  for  the  He*(2  ‘S)  metastable,  radial 
coupling  of  the  incoming  'T,*  diabatic  state  with 
the  doubly  excited  ‘S,*  state  dissociating  to 
He*(2*S)4-He*(2*S),  followed  by  molecular  auto- 
ionization at  large  distances  on  the  doubly  excited 
curve,  would  yield  an  energy  loss  of  19.0  eV.  Yet, 
it  is  not  immediately  clear  why  this  doubly  excited 
curve  would  be  favored  over  all  the  similar  higher- 
energy  states  and  why  the  scattering  would  be 
found  at  such  low  angles. 

A companion  paper®*  presents  an  nb  iniiio  cal- 
culation of  the  relevant  'Y,*  excited  He2  potentials, 
verifies  the  existence  of  a crossing  between  the 
incoming  diabatic  potential  and  a deep  inner  well 
in  the  doubly  excited  He,  potential,  and  demon- 
strates that  an  inelastic  rainbow  effect  can  produce 
low  angle  scattering  into  this  channel.  The  cross- 
ing from  the  incoming  diabatic  potential  to  the 
doubly  excited  ‘E,*  curve  involves  the  two-elec- 
tron transition  from  \fia^2pa\2sc^  to  lsa®2.sa®  (sec 
Fig.  10).  The  existence  of  molecular  autoioniza- 
tion at  large  distances  on  this  exit  channel  poten- 
tial has  already  been  demonstrated  in  ground- 
state  He-He  collisions  by  Gerber  et  nl? 

Process  C 

Another  prominent  inelastic  process  is  char- 
acterized by  ;ui  energy  loss  of  approximately 
25-27  eV  which  has  a broad  threshold  with  a 
half-rise  [xiint  at  t = E0^125  eVdeg.  The  t 
threshold  is  constant  as  the  collision  energy  is 
varied  which  implies  that  the  mechanism  for  the 
production  of  this  channel  involves  a curve  cross- 
ing®* (i.e.,  not  rotational  coupling  in  the  united 
atom  limit).  This  energy  loss  seems  consistent 
with  reaction  (2a)  and  can  be  readily  understood 
by  referring  to  the  potential  energy  diagram  shown 
in  Fig.  8.  At  small  imernuclear  separations,  the 
diabatic  potential  energy  curve  of  HCj*  ap- 
proaches the  excited  ionic  ®S,*  potential  curve 
arising  from  He*  +He*(2*S).  If  in  the  interaction 
region  labeled  C a low-energy  electron  is  ejected, 
an  ionization  process  with  an  energy  loss  of  ~25 
eV  would  be  observed  (reaction  2a).  It  is  possible 
to  estimate  the  angular  threshold  for  this  energy 


.->10 


t. 


L 

¥ 

\ 


[ 

H 

i \ 

t ' 

i 

1' 

f 


I 


(;  1 I,  I,  i;  N , P K T K,  K S 0 N , AND  (I  I.  SON  \J> 


loss  profess  from  a deflection  function  analysis. 
From  calculations  usint;  the  potential  curves  in 
Fit:.  8,  we  estimate  a threshold  of  approximately 
900  eV  det;.  The  calculated  deflection  function  is 
labelled  in  Fig.  9.  In  a discussion  of  process 
B above,  it  was  noted  that  the  diabatic  poten- 
tial is  probably  more  repulsive  at  small  distances 
than  shown  in  Fig.  8.  This  would  move  the  cou- 
pling region  C to  larger  R values  and  should  shift 
the  threshold  for  process  C to  smaller  t values. 

Near  the  threshold  for  process  C,  the  energy 
loss  value  A£  is  ==25  eV,  implying  a very-low- 
energy  for  the  emitted  electron.  At  scattering 
angles  above  the  threshold,  the  energy  loss  v:Uuo 
shifts  gradually  from  25  to  ~27-29  eV.  There 
are  two  obvious  possible  causes  of  the  shift;  ion 
production  accompanied  by  population  of  the  set 
of  higher  neutral  states  whose  asymptotes  lie 
between  those  of  reactions  (2a)  and  (2b);  or  an 
increasing  energy  of  the  emitted  electron  ac- 
companying the  larger  scattering  angles.  A con- 
sideration of  the  molecular  orbitals  indicates  that 
excitation  of  a higher  neutral  state  is  unlikely, 
since  reaction  (2a)  involves  the  two- electron  tran- 
sition (shown  in  Fig.  10) 

l.sa,2/)aj2.<!a,  - l.sCTj2.sa,  + e'  , 

whereas  higher  excitation  must  involve  additional- 
ly a promotion  of  the  2.sa,  electron,  yielding 
three- electron  transitions  of  much  lower  prob- 
ability. 

Another  possible  contribution  to  feature  C is 
from  excited  Coulombic  states  correlating  asymp- 
totically to  He*  +He'*.  There  is  more  compelling 
evidence  for  the  doubly  excited  He"  states  Isnln’l' 
than  for  the  Is^n/  states  discussed  with  relation 
to  feature  A.  They  have  been  seen  as  electron 
scattering  resonances,-"  and  have  been  utilized 
in  explaining  various  structure  in  the  electron 
si)ectra  from  He-He  collisions.""'  From  the  in- 
coming diabatic  state,  two-electron  transitions 
can  populate  molecular  orbitals  of  the  form 
\sa‘2sa^a  leading  to  the  possible  asymptotic 
population  of  He*  + He"  (1  .s2.sw/)  states.  Auto- 
ionization  at  large  distances  on  these  states  can 
produce  energy  losses  con<patible  with  feature  C. 
Coulombic  attraction  on  the  outgoing  leg  of  the 
trajectory  could  lower  the  .angular  threshold  for 
one  or  more  of  these  He*  4 He"  channels  below 
lh:it  calculated  for  reaction  (2a).  The  best  candi- 
date for  low  angle  scattering  would  involve  first 
a lr:msition  to  the  1s<t"2s(tJ  excited  state,  followed 
by  a separation  along  the  He*  4 He*  (l.s-2.s")  poten- 
tial rather  tlian  the  adiabatic  He*(l.s-2.s)  4 He*(l.s2.s) 
curve  imporl;uil  to  prfKcss  D.  Without  ab  initio 
calculations  of  the  Hc*+  He*  excited  |X)tentials  it  is 
difficult  to  assess  the  importanee  of  these  states. 


OltiiT  i»r»u*v»’s 

Other  ionization  channels  can  open  uii  for  smaller 
impact-piirameler  collisions  and  larger  scattering 
angles.  Examination  of  a Lichten"'  type  correla- 
tion diagram  (Fig.  10)  demonstrates,  for  examjde, 
the  importance  of  rotational  coupling  in  the  united 
atom  limit  of  the  2/>ct„  :md  2y)7r„  molecular  orbitals. 
This  coupling  is  import.ant  for  collisions  following 
the  and  ‘'"i;,*  adiabatic  potenti.als  as  well  as 

the  diabatic  curve.  The  resultant  l.s-2p  transi- 
tions c.nn  produce  lie{Zs2p)+  He  and  higher  excita- 
tions. Autoionization  at  large  scp.aratlons  of  the 
doubly  excited  He**  states  will  yield  energy  losses 
near  ~40  eV.  Structure  at  large  r v.alues  may  be 
due  to  this  mechanism,  but  the  data  are  not  of 
sufficient  quality  to  warrant  a more  detailed 
examination.  Also,  contributions  from  the 
ground-state  component  of  the  beam  become  im- 
portant in  the  same  region  of  t and  energy  loss. 

It  is  worth  noting  that,  except  for  degeneracies 
in  the  united  atom  limit,  there  are  no  important 
contributions  to  collisionsal  ionization  associated 
with  crossings  of  molecular  orbitals.  Transitions 
to  excited  states  at  the  normally  important  cross- 
ing of  the  attractive  2s(7,  orbital  with  the  repulsive 
2/)(t„  must  involve  two-electron  transfer  to  con- 
serve the  g or  M character  of  the  incoming  state; 
yet  the  incoming  configurations  l.soJ2/)(r„2sCT, 
(‘’"E„*),  l.saJ2pa„3/)CT„  ('’"i;,*  adiabatic),  and 
l.s(7,2/)(T"2sa,  (‘'"13,*  diabatic)  .all  do  not  allow  this 
possibility.  Two-electron  transitions  occur  at 
crossings  of  molecular  states  or  in  the  continuum, 
not  at  crossings  of  molecular  orbitals.  This  re- 
striction is  not  in  effect  for  ground-state  He-He 
collisions  where  the  2pa\  ~2sa].  transition"-*  pro- 
duces significant  excitation,  e.g., 

He4He-He*(ls2.s)4He*(l.s2.s)  . 

Expected  electron  energy  distributions 

Our  analysis  of  the  collisional  ionization  mech- 
anisms can  be  used  to  estimate  qualit.atively  the 
electron  energy  distribution  expected  from  these 
reactions.  Clearly,  the  major  peak  in  the  elec- 
tron energy  distribution  would  be  from  process  A 
with  electrons  having  an  energy  below  ~1  eV. 
Process  B and  its  interference  structure  would 
produce  a broad  continuum  of  electron  energies 
extending  from  peak  A to  higher  energies.  Feature 
C would  again  yield  low-energy  electrons  (a  few  eV 
or  lower)  and  possibly  a peak  at  19.3  eV  it  auto- 
ionization from  the  He*  4 He"  (l.s-2.s'")  potential  con- 
tributes. Feature  D would  produce  -15  eV  elec- 
trons from  the  molecular  autoionization  although 
the  total  intensity  might  be  small  relative  to  the 
intense  continuum  distribution  from  process  B 
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that  underlies  it.  The  He(2s2/))  autoionizin^;  state 
mentioned  briefly  would  eject  an  electron  with 
energy  near  35  eV.*'^® 

It  must,  of  course,  be  emphasized  that  up  to 
3(Fc  of  the  total  cross  section  for  ion  production 
at  199  eV  occurs  with  c.m.  scattering  angles 
above  ~20°.  The  lack  of  detailed  differential  scat- 
tering data  at  these  angles  implies  that  other 
mechanisms  could  contribute  substantial  electron 
intensities  at  energies  different  from  those  pre- 
dicted here. 

Recently,  product  electron  energy  distributions 
have  been  measured  for  this  reaction*'’'^  over  a 
similar  energy  range.  Such  measurements  have 
inherently  higher  resolution  and  can  identify  some 
of  the  highly  excited  product  channels,  but  there 
are  exijerimental  difficulties  associated  with 
detection  of  the  low-energy  electrons.’® 

Total  cross  srriioiis 

If,  as  we  conclude,  ionization  occurs  pre- 
dominantly for  collisions  following  the  diabatic 
incoming  potential,  we  can  estimate  the  total 
cross  section  for  ionization  by  assuming  that  till 
collisions  reaching  the  continuum  eventually  yield 
ions.  At  c.m.  collision  energies  between  100  ;md 
500  eV,  we  calculate  that  the  total  cross  section 
for  He*(2’S)  ionization  ranges  from  1 x lO"'’  to 
3 xiO"'’  cm®;  it  should  be  signific;mtly  larger  for 
He*(2  ‘S)  at  these  energies.  At  very  high  energies 
where  almost  100%  of  the  particles  would  be  fol- 
lowing the  diabatic  potential,  the  cross  section 
becomes 

where  the  i factor  comes  from  the  fact  that  only 
50%  of  the  He*(2’5')^  He  particles  follow  the 
gorade  potential  curve,  and  /i,  is  the  distance 
where  the  dialiatic  potential  crosses  into  the 
Hej*  + c continuum.  Since  2.8f7Q,  we  obtain  a 
high  energy  result  for  of  3.4  x 10"'®  cm®, 
which  is  in  extremely  good  agreement  with  the 
measurements  of  Gilbody  el  al?'-  in  the  c.m. 
energy  range  15-175  keV. 

To  assess  the  contribution  of  collisional  ioniza- 
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tion  to  the  destruction  of  fast  metaslalile  He  in 
collisions  with  He  target,  we  can  compare  these 
estimates  of  the  ionization  cross  section  with  mea- 
sured®® total  destruction  cross  sections  a^.  In  the 
c.m.  energy  range  500-1100  eV,  ct,,  is  ~5  x lO"'® 
cm®  for  He*(2®S)  and  ~8  x lO"'®  cm®  for  He»(2‘S), 
implying  that  ionization  channels  can  account  for 
a significant  fraction  of  at  keV  energies. 

Summary 

We  have  discussed  various  mechanisms  for  colli- 
sional ionization  in  He*  4 He  collisions  and  their 
relationship  to  the  experimental  He*  distributions. 
Most  of  the  structure  can  be  understood  in  terms 
of  a few  ionization  mechanisms  involving  an  in- 
coming repulsive  diabatic  potential.  In  the  most 
prominent  process  the  electron  is  ejected  as  the 
initial  diabatic  potential  curve  crosses  into  the 
continuum.  Further  ionization  is  found  lo  occur 
near  the  distance  of  closest  approach  (as  occurs 
in  Penning  ionization),  and  at  crossings  with 
higher  continua.  Contributions  from  Coulombic 
Ho*  + Ho"  states  leading  to  long-range  autoioniza- 
tion of  He"  are  also  possible.  At  high  energies 
and  small  impact  parameters,  transitions  to 
autoionizing  neutral  He**  states  are  also  expected. 
Even  though  most  collisions  occur  along  the 
‘’®S„*  or  ‘'®E,*  adialjatic  potentials,  the  major 
contribution  to  ionization  comes  from  those  pro- 
ceeding diabatically  into  the  continuum.  Signifi- 
cant contributions  to  ionization  from  the  2 'S 
metastable  seem  likely  even  though  it  is  expected 
to  be  a minor  component  of  the  beam. 

Note  added  in  proof.  A recent  theoretical  study 
by  J.  P.  Gauyacq  |J.  Phys.  B (to  be  published)] 
suggests  the  importance  of  He‘(ls®2s)  i He*  states 
in  ground  state  He-He  collisional  ionization. 
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Theoretical  investigation 
with  He: 


of  a mechanism  for  ion  production  in  collisions  of  metastable  He 
Ab  initio  potential  curves  for  '2^  * states  of  He2t 


Roberta  P.  Saxon  and  Keith  T.  Gillen 
Molecular  Physics  Center.  Stanford  Research  Institute,  Menlo  Park.  California  '>4025 


Bowen  Liu 
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(Received  13  September  l<>76) 

The  mechanism  of  an  observed  ionization  channel  which  prtxluces  He*  at  an  energy  loss  of  18  7 ± 0 5 eV  in 
IOO-2(X)-eV  (c  m.)  collisions  of  metastable  He  atoms  with  ground  state  He  atoms  was  investigated  It  is 
postulated  that  Hux  follows  the  diabatic  singly  excited  'S,  ‘ state  associated  with  Hc*(2 'S)  projectiles  and  then 
transfers  to  the  doubly  excited  'I,  * state  corresponding  asymptotically  to  2He*(2  'S),  autoionization  follows  at 
large  internuclear  separations  Ab  initio  calculations  were  performed  on  four  Hej  states  of  'i.,  * symmetry  for 
internucicar  separations  of  O IJoq  to  20.0an.  The  classical  deflection  function  for  the  mechanism  slated  above, 
generated  from  the  calculated  potentials,  is  consistent  with  the  experimental  angular  distribution  of  the 
product  ions. 


INTRODUCTION 

A large  amount  of  physical  insight  into  the  de- 
tails of  atom-atom  and  ion-atom  interactions  has 
been  gained  in  the  last  ten  years  from  a combina- 
tion of  theoretical  and  experimental  work  on  scat- 
tering processes  involving  light  atoms  or  ions.‘ 
Much  of  the  progress  has  been  due  to  improve- 
ments in  the  computational  techniques  that  have 
been  used  to  generate  the  interaction  potentials. 

In  the  preceding  paper,  Gillen  el  describe 
measurements  of  the  ionization  oi  a 100-400  eV 
metastable  He*  beam  colliding  with  ground-state 
He 

He*+He-He*  + He  + e’.  (1) 

One  of  the  ionization  features  observed  at  center - 
of-mass  (c.m.)  collision  energies  - 100-200  eV 
(labeled  feature  D)  yields  He'  ions  at  a c.m.  trans- 
lational energy  loss  of  18.7  ±0.5  eV  with  an  angular 
distribution  peaking  sharply  at  a value  of  t = 

“450 ±40  eV  deg.  Although  the  metastable  beam 
probably  contains  a much  larger  fraction  of 
He*(2’S)than  He*(2*S),*  no  mechanism  involving 
the  2 ’S  component  of  the  beam  could  be  found  to 
explain  feature  D.  This  paper  postulates  an  ioni- 
zation process  involving  the  2'S  projectiles  as 
being  responsible  for  this  feature.  We  examine 
the  requirements  Imposed  by  the  experimental 
observations  and  verify,  through  ab  initio  calcula- 
tions of  interaction  potentials  and  deflection  func- 
tion analysis,  the  ability  of  the  proposed  mechan- 
ism to  match  the  experimental  observations. 

BACKGROUND 

The  most  Important  properties  of  the  experi- 
mental collisional  ionization  feature  to  be  under- 
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stood  are  the  energy  loss  of  18.7  ± 0.5  eV  and  the 
sharp  angular  peaking  at  a reduced  angle  t = EB 
of  ' 4 50  eV  deg. 

The  constraint  imposed  by  the  small  angle 
threshold  for  process  L>  is  the  most  stringent.  In 
order  to  lose  18.7  eV  of  relative  translational 
energy,  the  interacting  particles  must  climb  a 
steep  repulsive  wall  which  would  give  much  larger 
deflection  angles  than  those  observed  experimen- 
tally. To  ejcplain  low  angle  scattering,  one  must 
invoke  an  inelastic  transition  to  an  excited  curve 
which  is  strongly  attractive  at  relatively  small 
distances.  This  attraction  would  deflect  the  tra- 
jectories back  to  small  scattering  angles  in  a way 
similar  to  that  previously  described  for  the  major 
ionization  channel’  (feature  A)  in  this  system. 

As  noted  in  the  preceding  paper,’  energy  loss 
values  below  24  eV  imply  that  the  He'  and  He  prod- 
ucts are  both  in  their  ground  electronic  states  and 
the  excess  energy  loss  above  that  necessary  to 
ionize  the  metastable  must  reside  in  the  outgoing 
electron  energy.  A fixed  energy  loss  independent 
of  scattering  angle  implies  a fixed  energy  of  the 
emitted  electron.  The  postulated  upper  stale  with 
an  inner  well,  required  by  low-angle  scattering, 
must  be  a He,  intermediate  autoionizing  state 
since  the  18.7  eV  energy  loss  does  not  allow  any 
excited  He,'  states  to  be  populated.  Autoioniza- 
tion of  this  intermediate  state  yields  the  ground 
state  products  and  an  electron  whose  kinetic  ener- 
gy is  the  difference  between  the  measured  energy 
loss  and  the  energy  loss  necessary  to  ionize  the 
metastable. 

The  fixed  energy  of  the  ejected  electron  indepen- 
dent of  scattering  angle  requires  that  the  observed 
ionization  takes  place  at  internuclear  separations 
R where  the  potential  curves  for  the  upper  auto- 
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ionizing  moiecular  state  and  the  final  ion  state 
are  nearly  parallel.  This  can  must  reasonably 
occur  at  large  R where  neither  of  the  curves  de- 
viates significantly  from  its  asymptotic  limit. 

It  also  follows  that  the  observed  energy  loss  of 
18.7  tO.5  eV  is  very  nearly  equal  to  the  asympto- 
tic energy  difference  between  the  initial  state  and 
the  (intermediate)  autoionizing  molecular  state. 

The  criterion  of  asymptotic  energy  difference 
may  be  used  to  determine  the  identity  of  the  reac- 
tants and  the  products.  The  He  *(2  ’.S')+  He  *(2  ’S) 
limit,  the  iowest  limit  with  two  excited  He  atoms, 
is  asymptotically  19.0  eV  higher  than  the  He*(2'.S) 

4-  He(l  ‘S)  limit  and  19.8  eV  higher  than  the 
He  *(2 ’S)+ He(l  *S)  limit.  Therefore,  the  observed 
energy  loss  strongly  suggests  that  the  intermediate 
autoionizing  state  has  the  He*(2’.S)+  He*(2^S)  as-* 
ymptote  and  that  the  initial  reactant  is  the  2 'S 
component  of  the  beam. 

The  Identity  of  the  molecular  states  involved 
may  be  determined  by  simple  symmetry  consider- 
ations. The  two  molecular  states  arising  out  of 
the  He*(2‘S)+ He(l 'S)  asymptote  have  'D,*  and 
'S,*  symmetries,  respectively,  whereas  the  three 
states  arising  from  the  He  *(2 ’S)+ He  *(2 ’S)  asymp- 
tote are  of  'S/,  and  ’S,*  symmetry,  respec- 

tively. The  only  possible  connection  between 
these  two  sets  of  states  is  the  radial  coupling  be- 
tween the  two  ‘E,*  states.  It  follows  then  that  both 
the  incoming  and  the  outgoing  molecular  states 
are  of  the  'E,*  symmetry.  In  addition,  earlier 
consideration  of  the  observed  small  angular 
threshold  already  has  led  us  to  conclude  that  the 
upper  'E/  states  must  have  a deep  potential  well 
at  small  R . 

Previous  calculations*'’  of  the  states  of  He,  from 
the  2He*(2’S)  asymptote,  chiefly  by  Garrison 
et  al.'  only  provided  information  at  internuclear 
separations  greater  than  Adj.  Their  calculation 
for  the  'E,*  state  showed  a well  of  -0.6  eV  depth 
near  6<ij  and  was  repulsive  at  4(i„.  However,  the 
existence  of  a short-range  well  in  the  potential 
curve  of  the  doubly  excited  'E,*  diabatic  state  from 
the  2He*(2’S)  asymptote  is  at  least  consistent 
with  the  following  simple  chemical  consideration. 


diabatic  ‘E,*  potential  curve  into  small  iiitrrmi- 
clear  separation.  In  this  ca.se.  they  can  cross  to 
the  doubly  excited  curve  in  the  region  of  a 
deep  Inner  potential  well  aixl  depart  to  large  dis- 
tances with  ionization  taking  place  where  the  He* 

+ He*  curve  is  essentially  parallel  to  the  He*  •*  He 
potential. 

This  model  does  not  preclude  ionization  events 
at  smaller  ft;  these  events  would  yield  a di.stribu- 
tion  of  energy  losses  and  scattering  angles  that 
may  be  too  diffuse  to  be  observed  in  the  labora- 
tory. Ionization  at  the  turning  point  (minimum  ft) 
might  lie  very  intense,  but  escape  observation  due 
to  deflection  to  large  angles  where  the  intensity 
is  masked  by  a large  iiumlier  of  other  ionization 
processes  involving  the  He*(2’.S)  or  He(l  'S)  com- 
ponents of  the  bean.  In  contrast,  all  ionization 
events  at  large  ft  v.alues  would  yield  nearly  identi- 
cal energy  loss  values  (19  eV). 

We  have  therefore  undertaken  multi-configuration 
self-consistent-field  (MCSCF)  calculations  on  four 
Hej  states  of  *E,*  symmetry,  the  ground  state,  two 
singly  excited  states  and  the  doubly  excited  state 
dissociating  to  two  He*(2  ’.S)  in  order  to  look  for 
the  suggested  well  in  the  latter  potential  at  small 
internuclear  separations.  The  classical  deflection 
function  was  then  computed  for  the  process  in 
which  the  He*(2*S)  metastable  initially  follows 
the  incoming  singly  excited  diabatic  potential  and 
then  follows  the  doubly  excited  autoionizing  state 
on  the  outgoing  channel.  The  classical  deflection 
function  was  found  to  be  in  qualitative  agreement 
with  the  experimental  observation,  lending  support 
to  this  explanation  of  the  18.7  eV  energy  loss  pro- 
cess. 

MtTHOI)  OF  CALCULATION 

Approximations  to  the  Born-Oppenheimer  elec- 
tronic wave  functions  and  energies  were  calcula- 
ted using  the  MCSCF  method.  The  wave  function 
of  a desired  electronic  state  was  expanded  in  a 
limited  N-particle  basis  set  of  orthonormal  con- 
figuration state  functions  (CSF).  Each  CSF  was  a 
linear  combination  of  Slater  determinants  (SD) 


At  large  ft  the  2s  orbitals  interact  attractively  and 
this  Is  responsible  for  the  long-range  well.  A 
barrier  develops  at  smaller  R due  to  electrostatic 
repulsion  of  the  ion  cores.  At  even  smaller  dis- 
tances, however,  there  is  strong  bonding  due  to 
overlap  of  the  core  Is  orbitals  and  this  may  pro- 
duce a deep  inner  'well. 

Therefore,  all  the  experimental  facts  for  lonlza- 


such  that  it  had  the  symmetry  and  multiplicity  of 
the  desired  electronic  state.  The  SB’s  were  built 
from  an  orthonormal  one-particle  basis  set  of 
symmetry  and  equivalence  restricted  spatial  orbi- 
tals. The  spatial  orbitals  were  expanded  in  terms 
of  a basis  set  of  Slater -type  functions  centered  at 
the  atomic  nuclei.  The  expansion  r;  efficients, 
both  N-  and  one-particle,  were  determined  varia- 
tionally. 

The  He  basis  set  used  in  our  calculation  is  given 
in  Table  I.  The  Is  exponents  are  taken  from  the 
triple  zeta  basis  of  dementi  and  Roetti.*  The  2$ 


TABl.E  1.  Orbital  exponents. 


J 

I 


Is 

4.346 

2P 

4.17 

Is 

2.780 

2p 

2.09 

Is 

1.453 

2p 

1.04 

2s 

1.0 

2p 

0.52 

2s 

0.65 

2s 

0.46 

exponents  of  Garrison  et  al.^  from  a double  zeta 
set  were  augmented  by  an  exponent  of  1.0,  the 
hydrogenic  value  for  Be  2s  and  2p,  the  united - 
atom  limit  of  Hej.  The  largest  2p  exponent  was 
chosen  to  give  a maximum  overlap  with  the  domi- 
nant Is  basis  function,  £=2.780.  The  remaining 
2p  exponents  were  taken  to  evenly  span  the  space 
between  4.17  and  approximately  0.5.  The  hydro- 
genic  Be  2p  value  is  included  by  the  procedure. 
The  MCSCF  calculations  included  all  CSF’s  that 
can  be  constructed  by  distributing  four  electrons 
in  four  orbitals : 

ground  state;  Ic/laJ, 

singly  excited:  la,laJ2CT, 

l<T*lcr„2a„, 

doubly  excited;  1<t/20* 
lcr*2aj 
1(t*2ct* 
lal2al 

la,la.(‘£/)2cr,2o„(‘E.‘) 

lo,la,PS,*)2(T,2<T.es„*), 

where  the  la,  and  la,  orbitals  correlate  at  the 
separated-atom  limit,  with  the  Is  orbitals  of  He, 
and  2a,  and  2a,  with  the  2s  orbitals.  The  wave 
functions  for  the  four  lowest  ‘S,*  states,  within 
the  manifold  of  the  configurations  listed  above , 
were  determined  in  a single  MCSCF  calculation 
where  a weighted  average  of  the  energies  of  the 
four  states  was  minimized.  Since  we  were  chiefly 
interested  in  the  features  of  the  doubly  excited 
state,  the  highest  state  was  weighted  more  heavily 
than  the  others  in  our  calculations.  To  avoid  nu- 
merical difficulties  caused  by  linearly  dependent 
basis  functions  at  small  Internuclear  separation, 
the  overlap  matrix  was  diagonalized  and  all  eigen- 
vectors with  eigenvalues  less  than  1 x 10‘*  were 
excluded  from  our  calculations.  The  MCSCF  pro- 
gram developed  by  J.  Hinze  was  used  in  these 
calculations. 


RtSULlS  AN»  DISC  USSION 

Adiabatic  potential  curves  for  the  singly  and 
doubly  excited  'Z,*  states  of  He^  are  shown  in  Fig. 
1,  while  data  for  all  states  calculated  are  given 
in  Table  n.  The  ionic  curve  to  which  the  assumed 
autoionization  occurs  is  also  indicated.  The  dia- 
batic  potentials  are  indicated  by  the  dashed  lines. 
It  is  clear  from  the  figure  that  the  avoided  cross- 
ing between  the  highest  two  adiabatic  states  (or 
actual  crossing  of  the  diabatic  states)  near  1.5(7„ 
takes  place  over  a rather  narrow  region.  Exam- 


R (a„) 

FIG.  I.  Adiabatic  Hej  'Z,  ‘ putontial  curves  calculated 
here  are  plotted  with  solid  lines.  Top  curve  is  the  dou- 
bly excited  state.  The  other  solid  curves  arc  singly  ex- 
cited stales.  The  ground  state  has  been  omitted.  Dia- 
liatlc  stales  are  Indicated  by  dashed  lines.  The  points  of 
GubiM-man  and  Goddard  (Uef.  7),  translated  to  agree  as- 
ymptotically with  the  present  calculation,  are  given  by 
large  dots.  The  dotted  curve  approximates  the  ^2., ' 
stale  of  He2*.  Although  llc'iZ  is  not  a stable  s[)ecies, 
He*(l  + He'(2  ^S)  is  the  appropriate  a-symplotic  desig- 
nation of  the  higher  singly  excited  state.  Asymptotically 
it  lies  above  the  He;*  stale. 
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Ination  of  the  coefficients  of  the  CSF’s  in  the  wave 
functions  shows  that  the  crossing  occurs  between 
1.4ag  and  2.0ag.  Thus  the  description  of  the  dia- 
batic  potential  by  simply  drawing  a smooth  curve 
connecting  points  in  the  adiabatic  noncrossing 
region  was  quite  reasonable  for  our  purposes  here. 

The  doubly  excited  diabatic  potential  curve 
showed  the  expected  inner  attractive  well  at  about 
1.4(1,.  It  Is  bound  by  approximately  0.4  eV  with 
respect  to  the  two  He*(2’S)  asymptote  and  is  ap- 
proximately 4.0  eV  lower  than  the  hump  in  the 
potential  curve  at  2.5a,.  The  potential  also  is 
attractive  at  long  range,  in  this  calculation  being 
bound  by  about  0.13  eV  around  Ta,.  The  calcula- 
tion of  Garrison  et  al.^  gave  a depth  for  the  outer 
well  at  0.56  eV  at  an  R,  of  6.34a,.  Since  their 
calculation  was  designed  to  realistically  repre- 
sent long-range  effects,  while  in  the  present  work 
we  were  interested  in  describing  the  short  range, 
this  discrepancy  in  the  outer  well  was  quite  accep- 
table. 

The  singly  excited  states  of  He,,  also  shown  in 
Fig.  1,  may  be  observed  to  go  through  a rather 
broad  crossing.  Although  He'(2’5)  is  not  a stable 
species,  He'(l ’S)+ He'(2*S)  is  the  appropriate 
asymptotic  designation  of  the  other  singly  excited 
‘E/  state,  the  first  being  the  incoming  channel, 
He*(2'S)+He(l‘S).  These  states  have  been  cal- 
culated by  Guberman  and  Gcxldard  (GG)’  both  in  an 
adiabatic  and  fixed  orbital  (diabatic)  representa- 
tion. The  diabatic  results,  given  by  the  large  dots 


in  Fig.  1 smoothly  connect  the  adiabatic  potentials 
calculated  here.  The  points  have  been  translated 
upward  by  0.05062  a.u.  to  bring  the  asymptote  into 
agreement  with  the  present  calculation.  Their 
adiabatic  calculation  had  a well  depth  with  respect 
to  the  asymptote  of  0.644  eV  at  R,=  2.17a,  compared 
with  1.18  eV  at  R,=  2.\3ag  for  the  present  work. 

The  singly  and  doubly  excited  He,  'E,*  states  also 
have  been  included  in  a calculation  by  Gauyacq," 
but  the  incoming  diabatic  state  appropriate  to  this 
experiment  has  not  been  estimated  in  that  work. 

A calculation’*  of  the  ground  state  and  lowest  doubly 
excited  state  of  He,  at  very  small  internuclear 
distances  produced  a higher  energy  at  2.0a,  than 
at  t.Oa,  for  the  upper  adiabatic  state,  but  the  im- 
plication of  a possible  well  at  intermediate  dis- 
tances was  not  discussed.  Another  recent  cal- 
culation*” using  a very  simplified  model  gave  a 
diabatic  doubly  excited  'E,*  state  in  qualitative 
agreement  with  the  present  results. 

The  classical  deflection  function  for  a curve - 
crossing  collision  was  calculated  using  the  pro- 
cedures outlined  by  Olson  and  Smith.**  In  this 
calculation  the  initial  state  was  assumed  to  be  the 
diabatic  'E,*  state  correlating  asymptotically  to 
He  *(2 ‘S)  + He(l  ‘S)  since  the  state  correlating  adia- 
batically  to  the  reactants  cannot  interact  with  the 
outgoing  molecular  state  except  at  very  small  R 
(Table  n)  and  must  therefore  yield  unacceptably 
large  deflection  angles.  The  outgoing  state  in  the 
deflection  function  calculation  was  the  autoionizing 
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TABLE  n.  Calculated  potential  curves  for  four  *£,*  states  of  He,  in  atomic  units. 


R(oo) 

Ground 

state 

Singly  excited 
states 

Doubly  excited 
states 

0.75 

-4.105  283 

-4.027943 

-3.970  071 

-2.177459 

0.80 

-4.263  832 

-4.177  596 

-4  .073  123 

-2.442453 

1.00 

-4.735  469 

-4.579067 

-4  .275862 

-3.241114 

1.15 

-4.978  981 

-4.754  282 

-4.313  941 

-3.653  895 

1.25 

-5.106  667 

-4 .833  966 

-4.314419 

-3.868  054 

1.35 

-5.212  513 

-4.892  529 

-4 .304  558 

-4.044  137 

1.40 

-5.258  314 

-4.915  601 

-4 .297  587 

-4.119  744 

1.50 

-5.337  807 

-4.951567 

-4.290011 

-4.241862 

1.75 

-5.480  107 

-4.999  543 

-4.498  044 

-4  226  374 

2.00 

-5.566  201 

-5.012056 

-4.649280 

-4.189862 

2.50 

-5.648  266 

-4.996  064 

-4.807032 

-4.167  825 

3.00 

-5  677  560 

-4.972  506 

-4.869  955 

-4.187  746 

3.50 

-5.68  7 938 

-4.959  292 

-4.891901 

-4.217097 

4.00 

-5.691368 

-4 .953  899 

-4.898  389 

-4.245  627 

4.60 

-5.692  148 

-4.952413 

-4.899824 

-4.269  326 

5.00 

-5.691904 

-4.953  612 

-4.898843 

-4.285  788 

6.00 

-5.690  849 

-4.958  575 

-4.893131 

-4.300  947 

7.00 

-5.690  111 

-4.962  788 

-4.885073 

-4.303  330 

8.00 

-5.689.939 

-4.966215 

-4.874  653 

-4.302  298 

10.00 

-5.690  146 

-4.969825 

-4.855172 

-4.300  442 

20.00 

-5.690  028 

-4.970  835 

-4.812  138 

-4.298  498 
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state  correlating  to  2He*(2’S).  To  obtain  the  dia- 
t»4ic  potential  for  the  incoming  channel,  the  fol- 
lowing points  were  smoothly  connected;  values 
from  the  highest  adiabatic  state  for  0.75n„</l 
< I.4ao,  the  second  to  highest  for  l.5a„<R<  2ag, 

GG  values  at  2.6,  3.0  and  4.2  a„,  and  values  for 
the  third  adiabatic  state  for  R>4.iag,  where  the 
crossing  was  bridged  as  shown  by  the  dashed  line. 
The  ab  initio  calculation  gave  the  asymptotic  sep- 
aration of  the  Incoming  and  outgoing  states  as 
18.295  eV.  For  the  deflection  function  calculation, 
the  upper  curve  was  translated  to  the  spectroscopic 
separation  of  19.023  eV. 

The  branch  of  the  deflection  function  that  yields 
the  minimum  scattering  angle  at  each  impact 
parameter  is  the  one  for  which  the  particle  goes 
adiabatically  in  its  first  transit  of  the  crossing 
at  A - 1 .Sog  and  diabatically  in  its  second  transit. 
That  branch  of  the  deflection  function  for  a colli- 
sion energy  of  100  eV  is  plotted  vs  impact  param- 
eter in  Fig.  2.  The  smallest  scattering  angle  found 
In  the  deflection  function  is  approximately  3.0° 

(300  eV  deg). 

From  this  minimum  in  the  deflection  function, 
the  semiclassical  Airy  function  analysis  of  Ford 
and  Wheeler”  was  used  to  predict  a quantum  me- 
chanical rainbow  at  t = 490  eV  deg.  The  experi- 
mental cross  section  peaks  sharply  at  450  eV  deg 
and  is  in  excellent  agreement.  At  wider  scatter- 
ing angles,  other  processes  not  considered  in  this 
paper  also  contribute  to  the  19-eV  loss,’’  but  the 
isolated  feature  peaking  at  small  angles  and  an 
energy  loss  of  18.7  eV  is  certainly  totally  con- 
sistent with  the  assumed  mechanism. 

It  may  be  noted  that  the  calculation  of  Garrison 
et  al.^  which  is  expected  to  be  the  most  reliable  at 
large  internuclear  separations,  had  an  outer  well 
approximately  0.56  eV  deep.  If  molecular  ioniza- 
tion takes  place  in  this  outer  well  region  rather 
than  at  larger  distances,  the  energy  loss  could  be 
lower  than  the  asymptotic  19.0  eV  value  by  the 
amount  of  the  well  depth.  The  measured  energy 
loss  of  18.7 i; 0.5  eV  allows  this  possibility,  and 
the  deflection  function  for  this  process  would 
deviate  insignificantly  from  the  case  where  ioniza- 
tion occurs  at  larger  distances. 

Long-range  molecular  autoionization  from  the 
same  doubly  excited  state  discussed  here  has, 
however,  also  been  observed  by  Gerber  et  nl}^ 
in  the  case  of  ground  state  He-f  He  collisions.  The 
electron  energy  distribution”  for  autoionization 
from  this  same  'Z/  excited  state  peaks  at  15.0  eV 
at  a collision  energy  comparable  to  ours;  this 
would  imply  an  energy  loss  peaking  at  19.0  eV  in 
our  experiment. 

The  present  experimental  data  by  no  means 
precludes  the  existence  of  intense  ionization  at 


FIG.  2.  Reduced  classical  deRection  function  t = 

(where  0 is  the  c.m.  deflection  angle)  plotted  versus  im- 
pact parameter  b for  a collision  where  the  initial  chan- 
nel is  the  diabatic  state  correlating  to  IIe*(2 'S)  + IIe(l'.S), 
the  final  channel  is  the  diabatic  state  correlating  to 
2He*(2^S),  and  the  flux  transfers  from  the  initial  to  the 
final  channel  the  first  time  it  traverses  the  crossing. 


the  turning  point  since  that  process  would  yield 
scattering  at  wide  angles  which  would  be  difficult 
to  resolve  from  other  channels;  but  the  evidence 
of  long-range  autoionization  cannot  be  taken  lightly 
as  it  suggests  that  an  observable  fraction  of  the 
doubly  excited  reactants  escape  from  small  R 
without  having  autoionized.  This  result  also  pre- 
dicts the  observation  of  scattered  neutral  He*(2’S) 
+ He*(2’.S)  products  with  the  same  angular  distri- 
bution and  energy  loss  as  that  of  the  observed  He* 
ions  since  autoionization  at  large  R also  undoubt- 
edly takes  place  with  less  than  unit  probability.  A 
similar  prediction  for  ground-state  He+He  colli- 
sions has  been  confirmed  by  Morgenstern  et  nl." 
and  studied  in  detail  by  Brenot  et  nf.” 
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Finally,  it  is  desirable  to  estimate  the  proba- 
bility for  following  the  postulated  potential  curves. 
The  approaching  He*(2'S)+ He(l  ‘S)  reactants  must 
first  follow  a diabatic  ‘E,*  curve  into  the  continu- 
um, transferring  from  the  lowest  excited  adiabatic 
‘S/  curve  to  a higher  one,  then  proceed  adiabati- 
cally  in  the  first  passage  through  the  crossing  re- 
gion with  the  doubly  excited  ‘E,*  curve. 

The  Landau-Zener  theory  may  be  applied  in 
this  latter  crossing  region,  estimating  the  strength 
of  the  diabatic  coupling  from  the  splitting  between 
adiabatic  potentials.  At  a c.m.  collision  energy 
of  100  eV  and  for  impact  parameters  between  0.9n„ 
and  1.3<io,  the  region  of  the  deflection  function 
corresponding  to  the  peak  in  the  cross  section,  the 
probability  for  an  adiabatic  passage  through  this 
crossing  region  on  the  incoming  trajectory  lies 
between  5 and  20%.  It  is  then  clear  that  a signi- 
ficant fraction  of  the  trajectories  which  reach  this 
crossing  continue  in  the  postulated  manner. 

It  is  more  difficult,  however,  to  estimate  the 
fraction  of  the  original  flux  which  reaches  this 
upper  crossing  by  passing  diabatically  through 
crossings  with  states  arising  from  asymptotes 
lower  than  the  2He*(2’S).  Such  states  are  not 
Indicated  in  Fig.  1.  One  may  make  an  analogy  to 
the  He*(2’S)+He  collision  studied  previously.’  In 
that  case  an  estimate  of  diabatic  passage  was 
based  on  the  two-state  close-coupled  computations 
of  Evans  et  al}''  for  the  transition  probabilities 
at  the  first  crossing  of  the  diabatic  ’E,*  curve 
[leading  to  He  *(2  ’S)-  He(2  ’P)  excitation].  From 
the  smaller  gap  in  the  analogous  ‘E,*  curves’  (at 
the  crossing  leading  to  He*(2‘S)-  He(2‘P)  excita- 
tion), one  estimates  at  100  eV  c.m.  the  fraction  of 
2‘S  collisions  which  initially  proceed  diabatically 
is  probably  substantial,  perhaps  as  much  as  30- 
40%  of  those  following  the  incoming  ’E,*  potential. 
In  estimating  the  probability  of  diabatic  passage 
through  subsequent  crossings,  it  may  be  assumed 
that  coupling  matrix  elements  for  the  singlet  mani- 
fold are  similar  to  those  for  the  triplet  states, 
whlchhave  been  calculated  by  Cohen.*'  From  these 
triplet  matrix  elements,  the  Landau-Zener  theory 
predicts  a probability  of  80%  for  going  diabatically 
through  all  subsequent  crossings  for  the  Impact 
parameters  considered  here. 

The  above  result  has  interesting  implications 
tor  the  energy  dependence  of  feature  D.  At  higher 
collision  energies  than  100  eV,  a smaller  proba- 
bility of  adiabatic  passage  through  the  final  cross- 
ing with  the  outgoing  2He*(2’S)  state  would  tend 
to  decrease  the  cross  section.  This  fraction  might 


be  compensated  somewhat  by  an  increase  with 
energy  in  the  fraction  proceeding  diabatically  into 
the  continuum,  although  that  fraction  is  already 
quite  large  at  100  eV.  Since  the  total  ionization 
cross  sections  for  both  the  singlet  and  triplet 
metastables  are  expected  to  increase  substantially 
with  energy  as  the  initial  diabatic  probability  in- 
creases, the  fractional  contribution  from  process 
1)  to  the  total  cross  section  may  be  expected  to 
decrease  as  the  relative  energy  increases  beyond 
100  eV. 

No  direct  experimental  comparison  of  the  inten- 
sity of  feature  D with  the  other  ionization  channels 
can  be  made,  since  the  ratio  of  He*(2‘S)  to 
He  *(2  ’.S)  in  the  beam  is  unknown  and  may  even 
vary  considerably  with  beam  energy.  Neverthe- 
less, the  expected  energy  dependence  leads  to  the 
conclusion  that  this  channel  might  be  more  diffi- 
cult to  observe  at  collision  energies  higher  than 
those  studied  here.  This  is  especially  true  in 
measurements  of  the  emitted  electron  energy, 
where  electrons  produced  at  the  turning  point 
(process  B')  yield  an  intense  continuum  electron 
energy  distribution.  Any  attempt  to  measure  the 
15  eV  electrons  from  process  1)  through  the  inter- 
fering continuum  should  emphasize  procedures 
that  minimize  the  relative  contribution  from  other 
ionization  channels,  e.g.,  by  working  at  low  colli- 
sion energies  and  by  attempting  to  maximize  the 
beam  fraction  of  He  *(2  ‘S). 

In  summary,  the  calculations  reported  here 
were  undertaken  to  investigate  the  mechanism  of 
He*  ion  production  at  an  energy  loss  of  18.7  eV  in 
collisions  of  metastable  He  atoms  with  ground - 
state  He  atoms.  The  results  are  consistent  with 
the  postulated  ionization  mechanism  that  flux  fol- 
lows the  diabatic  singly  excited  *E,*  state  associa- 
ted with  He  *(2  *5)  projectiles  and  then  transfers  to 
the  doubly  excited  ‘E/  state  corresponding  asymp- 
totically to  2He*(2’S).  It  also  appears  that  molec- 
ular autoionization  occurs  from  the  latter  state 
at  large  internuclear  separations  where  it  is  es- 
sentially parallel  to  the  HCj*  potential. 

Note  added  in  proof.  It  has  come  to  our  attention 
that  some  of  the  states  calculated  here  also  have 
been  determined  by  J.  P.  Gauyacq  [J.  Phys.  B (to 
be  published)]  in  his  study  of  ion  production  in  He 
ground-state,  ground-state  collisions. 
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METASTASLE  RARE  GAS  C0U.1SI0NS  AT 
INTERMEDIATE  ENERGIES  (5-3000  eV) 
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INTRODUCTION 

Appreciation  of  the  detailed  dynamical  information  available  from  scattering 
experiments  has  caused  a tremendous  increase  in  the  quantity  and  quality  of  col- 
llsional  work  in  the  two  decades  since  the  first  ICFEAC.  However,  it  is  only 
in  the  last  few  years  that  experimental  work  involving  electronically  excited 
projectiles  has  made  a significant  contribution  to  our  understanding  of  col- 
lislonal  processes.  For  several  reasons  much  of  this  work  has  involved  metastable 
rare  gases.  Metastable  rare  gas  beams  can  be  efficiently  produced  at  thermal 
energies  by  electron  bombardment  of  neutral  atoms  and  at  higher  energies  (>  10  eV) 
by  near-resonant  charge  transfer  of  rare  gas  ions;  efficient  detectors  exist  for 
single  particle  counting  techniques.  The  metastable  electronic  energy  levels 
for  tbs  rare  gases  vary  over  a wide  range  (8.3  eV-20.6  eV) , allowing  a myriad  of 
processes  to  be  studied  in  a systematic  manner.  Finally,  there  exists  intense 
Interest  in  visible  and  uv  laser  systems  involving  various  modes  of  transfer  of 
electronic  excitation  from  metastable  rare  gas  atoms  and  dimers  to  other  species.^ 
Hence,  metastable  rare  gas  interactions  are  now  and  should  remain  Important 
prototype  systems  for  the  understanding  of  many  of  the  general  properties  of 
excited  state  interactions. 

2 

Experiments  near  thermal  energies  are  generally  more  directly  relevant  to 
the  understanding  of  discharges,  lasers,  and  other  excited  media,  and  often  have 
the  advantage  over  experiments  at  higher  energies  that  only  a few  potential 
energy  surfaces  are  energetically  accessible.  However,  despite  Che  added  compli- 
cations and  less  direct  relevance  of  experiments  at  moderate  energies  (>  5 eV) , 
they  have  unique  advantages  as  well. 

Firstly,  thermal  energy  experiswnts  will  not  always  be  able  to  explore 
important  regions  of  the  interaction  potentials  at  small  internuclear  distance  r. 
That  fact  is  obvious  for  consideration  of  important  couplings  between  potential 
surfaces  high  on  their  inner  repulsive  walls.  Less  obvious  is  the  problem 
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associated  with  the  Investigation  of  deep  chemical  (exclmer)  wells.  Thermal 

collisions  which  are  very  sensitive  to  shallow  outer  (van  der  Waals)  wells  may 

not  have  sufficient  energy  to  surmount  the  small  barrier  between  the  van  der 

Waals  well  and  the  deep  inner  well.  Even  If  the  Inner  well  region  Is  explored,^ 

the  resultant  scattering  may  be  too  diffuse  to  yield  any  details  on  the  shape  of 

the  potential.  Interactions  at  moderate  energies,  In  contrast,  are  not  sensitive 

to  shallow  van  dec  Waal's  wells  and  small  barriers;  heme  one  can  concentrate  on 

potential  surface  features  at  distances  Ir.slde  the  van  der  Waal's  region.  Recent 
4 

work  of  Trujillo  on  velocity  selected  beams  of  metastable  He  from  an  arc  heated 
source  spans  the  beam  energy  range  from  thermal  to  10  eV.  This  technique  also 
holds  considerable  promise  for  studies  of  deep  chemical  wells. 

Secondly,  the  easy  variation  of  collision  energy  possible  with  charge  trans- 
fer production  techniques  allows  observed  colllslonal  features  to  be  examined 
over  a large  energy  range.  This  fact  can  often  help  to  unravel  complicated 
scattering  patterns  associated  with  the  large  number  of  potential  surfaces 
accessible  in  a collision  system;  characteristics  of  the  energy  dependence 
associated  with  a given  feature  can  often  be  used  to  Infer  the  mechanism  Involved. 
Hence  by  spanning  a range  of  collision  energy,  one  can  hope  to  observe,  character- 
ize, and  Identify  at  least  the  major  colllslonal  features  Important  In  different 
energy  regimes. 

A third  advantage  for  studying  metastable  Interactions  at  elevated  energies 
is  the  existence  of  a large  body  of  detailed  work  on  electronic  excitation  In 
collisions  of  ground  state  Ions  and  atoms  with  various  targets  In  this  same  energy 
range.  This  work^  not  only  has  led  to  a characterization  of  the  energy  and 
angular  dependence  of  Che  scattering  associated  with  various  prototype  surface 

coupling  mechanisms,  but  also  has  yielded  results  directly  applicable  to  Che 

•k 

metastable  interaction  experiments.  For  example,  the  He  He  collision,  which 
1 plan  to  discuss  at  length  In  this  report,  explores  the  same  set  of  potential 
surfaces  applicable  to  He  + He  collisions  and  its  core  (Is  electron)  interaction 
might  be  expected  to  have  many  similarities  to  the  well-studied  He^  -f  He  system. 
Since  intermediate  energy  metastable  scattering  has  not  been  reviewed  previously, 

I will  briefly  summarize  the  experimental  accomplishments  In  this  area  In  addition 

* 

to  a more  detailed  discussion  of  very  recent  work  on  the  He  He  system.  Recent 
progress  on  elastic  scattering  of  metastable  rare  gases  at  lower  energies  Is 
being  reviewed  elsewhere  In  this  book.^ 


METASTABLE  RARE  GAS  COLLISIONS 


EXPERIMENTAL 

Near-resonant  charge  transfer  of  rare  gas  ion  beams  in  alkali  targets^  can 
efficiently  produce  metastable  rare  gas  beams  of  energies  greater  than  10  eV. 
The  beam  produced  can  then  be  caused  to  Interact  with  another  beam  or  with  a 
target  gas;  and  the  product  ions,  electrons,  photons,  or  neutral  atoms  can  be 
detected. 


SCATTERING  TO  CAPACITANCE 
GAS  inlet  MANOMETER 


ION  SOURCE  ' beam 

! DEFLECTORS 


ION  SOURCE  CHAMHER 


Fig.  1.  Metastable  Differential  Scattering  Apparatus  at  SRI 

o 

Shown  in  Figure  1 is  a differential  scattering  apparatus  at  SRI  where  both 
product  ions  and  neutrals  can  be  examined.  Rare  gas  ions  are  extracted  from  a 
discharge  and  focussed  into  a charge  transfer  cell  filled  with  alkali  vapor.  The 
product  fast  neutral  beam  (after  deflection  of  unreacted  parent  ions)  enters  a 
collision  cell  filled  with  target  gas.  Rotating  around  this  cell  are  two  channel- 
tron  detectors.  One  channeltron  is  mounted  behind  an  energy  analyzer  and  can 
measure  the  energy  and  angular  distribution  of  product  ions.  The  other  detector 
views  Che  scattering  cell  directly  and  is  generally  used  to  measure  the  angular 
distribution  of  product  neutrals,  whose  energy  spectrum  can  be  determined  by  a 
time-of-fllght  (Cof)  technique  Involving  electrical  pulsing  of  the  parent  ion 
beam  before  it  enters  the  charge  transfer  cell. 

Clearly,  this  apparatus  uses  a slight  modification  of  techniques  coimonly 
anplled  to  ion-atom  scattering.  Other  experimental  techniques  applied  so  far  in 
this  energy  range  (5  eV  to  3 KeV)  are  also  similar  alterations  of  ion  atom 
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experiments.  Hence,  I will  concentrate  here  on  a couple  of  experimental 
problems  unique  to  metastable  collision  studies. 

Charge  Transfer  and  Beam  Composition 

For  each  rare  gas  Ion  R^,  one  or  more  alkali  atoms  M can  be  found  where 

charge  transfer  into  the  lowest  excited  rare  gas  neutral  states 

+ * + 

R + M - R + M 

is  nearly  resonant.  At  beam  energies  above  approximately  10  eV,  these  cross 

sections^’**  are  large  (10*100  %^)  and  efficient  conversion  of  the  Ion  beam  to 

10-12  113  3 

excited  neutrals  Is  possible.  For  He,  the  states  2 S,  2 P,  2 S,  and  2 P are 

predominantly  produced  and  after  fast  radiative  decay 


He(2H) 


He(l  S) 

* 1 
He  (2  S) 


He(2^)  ■ 


* 3 

He  (2  S) 


the  forward  scattered  neutral  beam  is  a mixture  of  the  metastables  He  (2  S)  and 
* 3 1 

He  (2  S)  and  the  He(l  S)  ground  state.  The  heavier  rare  gases  can  be  similarly 

3 3 

produced  In  the  metastable  P^  and  P^  levels  and  low-lying  radiating  states. 
Again  after  radiative  relaxation,  the  resultant  beam  Is  a mixture  of  two  meta- 
stable states  and  the  ground  state.  Some  ground  state  atoms  may  be 

formed  directly  In  the  charge  transfer  step  by  production  of  alkali  Ions  In 

13 

excited  electronic  states. 


Although  these  charge  transfer  techniques  have  been  used  widely  to  produce 
metastable  beams  of  energy  greater  than  10  eV  there  exists  no  complete  experi- 
mental determination  of  the  composition  of  any  beam  produced  In  this  way.  Several 

■% 

theoretical  Investigations  of  the  charge  transfer  reaction  have  yielded  estimates 

of  the  composition  of  the  neutral  beams, but  the  calculations  are  of  unknown 

reliability  and  have  not  been  adequately  tested  against  experimental  measurements. 

For  He^  charge  transfer  with  Cs,  theoretical  calculations  predict  a large  ratio 
* 3 * 1 10  11a 

of  He  (2  S)  to  He  (2  S)  In  the  beam.  * Experimental  evidence  for  this  same 

conclusion  exists  at  beam  energies  below  50  eV  from  rainbow  scattering  experl- 

*8*1  14 

ments  on  He  * He  and  from  He  (2  S)  removal  by  a quench  lamp  technique. 

Neither  experiment,  however,  yielded  Information  on  the  fraction  of  He(l^S)  In  the 

* 15 

beam.  Recently  Neynaber  and  Magnusen  In  a merged  beam  experiment  determined  the 
He(l^S)  fraction  by  monitoring  Its  subsequent  reactions  with  various  Ions  under 
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conditions  where  reaction  of  the  metastable  components  would  be  unobservable. 


Their  results  for  several  charge  transfer  pairs  at  energies  above  1 KeV  gave  no 
information  on  the  relative  populations  of  the  two  metastable  components.  (The 
first  complete  determinations  of  state  populations  for  fast,  charge-transfer 


produced  He  beams  were  reported  at  the  Paris  ICPEAC,  see  Ref.  63.] 


When  using  a mixed  beam  of  unknown  composition  for  subsequent  scattering 


experiments,  one  must  obviously  be  careful  that  a specific  scattering  feature  is 
identified  with  the  beam  component  responsible.  The  effects  of  the  ground  state 


are  easiest  to  surmise,  since  one  can  produce  and  scatter  a pure  ground  state  rare 
gas  neutral  beam  of  the  same  energy  by  replacing  the  near-resonant  alkali  charge 
transfer  step  with  a resonant  charge  transfer  in  the  parent  rare  gas. 


Separating  the  contributions  from  the  two  metastable  states  is  not  as  simple. 

8,16 

Often  a knowledge  of  the  relevant  interaction  potentials  or  a clever  choice 
of  experimental  conditions'^  will  allow  one  to  associate  a specific  scattering 


feature  with  one  of  the  metastable  states  in  the  beam.  Otherwise  a certain 


ambiguity  remains. 


At  thermal  energies  a quench  lamp  can  be  used  to  remove  the  2 S component 


* 18a 

from  a He  beam 


He*(2^S)  + hv(2.06(i) 


He(2  P) 


■ He(l  S) 


above  a few  tens  of  eV,  the  absorption  line  is  Doppler  shifted  far  enough  out  of 

14  * 1 

resonance  that  the  quench  lamp  cannot  efficiently  depopulate  the  He  (2  S) . The 


problems  caused  by  the  Doppler  shift  for  moderate  energy  beams  imply  that  either 


Intense  tunable  or  broad  band  light  sources  should  be  more  successful  quenchers. 


and  laser-induced-fluorescence  techniques  could  eventually  be  used  to  monitor  and 
■ ..Ma  ICb 


alter  beam  compositions.^ 


Detection  Efficiencies 


Scattered  particles  are  detected  individually  on  channeltrons  and  the  key 
determinant  of  the  detection  efficiency  is  the  secondary  electron  ejection 


coefficient  for  the  particle  on  the  surface  of  Che  channeltron.  Electrons  or 


ions  can  be  pulled  into  the  detector  at  high  energy  and  detected  with  efficiency 


near  unity;  however,  neutral  particle  energies  cannot  be  altered  as  they  enter 


the  detector.  Little  is  known  about  the  secondary  electron  ejection  efficiency 


* 1 * 3 

allowing  separate  determinations  of  He  (2  S)  and  He  (2  S)  scattering.  At  energies 


page  5 


KEITH  T.  GILLEN 


of  metastables  at  moderate  energies,  although  the  detection  efficiency 

8 21  + 1 * 3 

ratios  ’ of  He  to  He(l  S)  and  He  (2  S)  have  been  determined.  Operating  at  high 

+ ★ 

enough  energies  chat  Che  detection  efficiency  is  comparable  for  R , R,  and  R is 
the  best  way  to  remove  any  ambiguities  caused  by  variations  in  detection  effi* 
ciencies.  For  He  this  energy  is  approximately  400  eV.  On  the  contrary,  one 

often  prefers  to  have  large  differences  in  detection  efficiency.  To  observe  g-u 
22  23 

sysmetry  oscillations  * from  excitation  exchange  channels 

* * 

R+R^R  + R , 

★ 

one  onjsc  choose  energies  where  the  detection  efficiencies  for  R and  R differ 

significantly.  At  low  energies,  ground  state  rare  gas  atoms  have  very  low  detec- 

6 8 16 

tlon  efficiencies  and  pure  metastable  scattering  ’ ’ can  be  studied. 


RESULTS 

A compilation  of  experimental  results  for  moderate  energy  (5-3000  eV)  col- 
lisions Involving  rare  gas  metastable  atoms  Is  presented^^  In  Table  1.  Several 
aspects  of  the  tabulation  need  be  explained.  First,  a specific  metastable  beam 
state  Is  Indicated  when  experimental  evidence  exists  to  Indicate  that  the  observed 

scattering  can  be  associated  with  that  particular  component  of  the  beam.  When 

' ★ 

both  states  are  specified  In  He  total  destruction  cross  section  experiments,  the 
two  attenuation  cross  sections  have  been  determined  separately  by  a technique 
that  monitors  the  decrease  In  each  metastable  component. The  merged  beam 
technique  Is  capable  of  total  cross  section  measurements  and  limited  differential 
scattering  Information  spanning  the  c.m.  energy  range  from  thermal  to  the  kilo- 
volt region;  however,  only  those  systems  which  have  been  studied  at  energies  above 

5 eV  are  listed  here.  Worth  special  note  Is  the  merged  beam  measurement  of 

★ ★ 

associative  Ionization  Involving  two  metastables  He  and  Ne  . Preliminary  total 

4 * 

cross  section  measurements  of  Trujillo  on  He  scattering  that  extend  from  thermal 
energies  to  just  above  the  lower  limit  of  the  energy  range  tabulated  here  have 
also  been  omitted,  but  should  be  noted  (see  also  Ref.  64). 

It  Is  clear  from  Table  1 chat  the  experiments  so  far  have  only  examined  a 
small  fraction  of  the  potentially  Interesting  collision  systems  Involving  rare  gas 
metastables  In  this  energy  regime.  Optical  data  are  negligible.  There  exist 
almost  no  Inelastic  data  In  the  keV  energy  range  where  so  much  work  on  ground 
state  neutral  and  Ion  scattering  exists.  Rearrangement  Ionization  has  hardly 
been  explored;  no  other  chemical  reactions  have  been  examined,  even  though 
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TABLE  1:  Metascable  Rare  Gas  Scattering  (S-3000  eV  c.m.) 


Projectile 

Target 

Measurement 

Enerav  Ranze  (c.m.j 

Ref. 

★ 

He 

H,D 

MB 

0.05-10  eV 

24 

•k 

He 

k 

«2 

Op 

370 

25 

He 

k 

“2 

RI 

0.05-10 

26 

He 

He 

AT 

300 

27 

He  (E-’S) 

He 

TD 

11-86 

28 

He*(2^.2l-S) 

He 

TD 

75-1100 

17 

* 

He 

He 

Op 

550 

25 

He*(2^S) 

He 

A 

5-10 

8 

He*(23s) 

He 

TOP 

8.6 

29 

He* 

He 

E.TOF.d) 

600-2500,500-700 

30 

k 

He 

He 

I 

50-200 

31-33 

★ 

He 

Ne 

Op 

920 

25 

★ 

* 

He 

Ne 

MB 

0.01-10 

34 

* 

He 

S“2 

TD 

60-520 

35 

He*(2^,2^) 

* 

"2 

TD 

40-1300 

35 

He 

'*2 

Op 

960 

25 

He*(23s,2^S) 

Ar 

td 

64-1360 

35 

He* 

Ar 

E 

9-91 

36 

He* 

Ar 

A 

360-1800 

37 

k 

He 

Xe 

E 

8-97 

36 

it 

He 

Xe 

E 

29-485 

38 

★ 

Ne 

H2.HD,D2 

RI 

2.5-17 

39 

Ne*(3p2) 

Ne 

A 

7-53 

23 

* 

Ne 

Ar 

TD 

80-400 

35 

* 

Ne 

Ar 

MB 

0.01-600 

40 

* 

Ne 

Kr 

MB 

0.01-10 

41 

* 

Ne 

Xe 

E 

13-87 

36 

Ar* 

C2H2 

TD 

40-240 

35 

Ar*(^>2) 

Ar 

A 

5-75 

16,22 

Measurements 

AT  Attenuation  total  cross  sections 

TD  Total  metastable  destruction  cross  sections  (attenuation  techniques) 
MB  Merged  beam  Penning  and  Associative  Ionization  Cross  Sections 
Op  Optical  relative  cross  sections  for  line  emission 
E Product  electron  energy  distributions 

A Angular  distribution  measurements 

TOE  Time-of- flight  Inelastic  scattering 

I Product  Ion  energy-angle  distributions 

RI  Rearrangement  Ionization,  R*  + -•  RH"*”  + H + e* 
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mecastable  rare  gases  have  properties  that  suggest  strong  analogies  to  the  very 
42 

well  studied  reactions  of  alkali  atoms.  Inelastic  differential  cross  section 

* 

data  la  of  low  resolution  and  has  only  been  applied  to  the  He  -f  He  system.  High 

resolution  data  are  available  for  product  electron  energy  distributions,  but  have 

★ ★ 

only  been  published  for  the  collision  systems  He  + He  and  He  -f  Xe. 

The  system  that  has  received  the  most  experimental  (and  theoretical)  atten- 
★ 

cion  so  far  Is  He  + He.  In  the  next  section  I will  examine  this  collision  pair 

In  more  detail  and  Cry  to  sunmarlze  Che  most  Important  Inelastic  channels  observed. 

This  system,  although  far  from  completely  characterized,  can  still  serve  as  a 

model  for  Indicating  Che  amount  of  experimental  detail  possible  with  Che  presently 

available  experimental  tools.  In  the  next  few  years,  techniques  for  determining 

18 

and  modifying  mecastable  beam  populations  should  improve  considerably,  and  many 

★ 

more  systems  will  have  been  studied  In  much  greater  detail  than  He  + He  has  been 


He  -f  He  Inelastic  Scattering 

For  ground  state  He-He  collisions,  experimental  work  measuring  differencial 

21  43  44  45  46 

Inelastic  scattering,  ' ’ product  electron  energy  distributions,  ’ and 

optical  emlsslons^^*^^  from  colllslonally  excited  states  has  produced  a reasonable 

understanding  of  Che  major  excitation  processes  Involved.  A useful  way  In  which 

★ 

to  introduce  the  framework  for  discussion  of  He  + He  collisions  Is  to  consider 
first  the  important  Inelastic  mechanisms  found  for  ground  state  Interactions. 

The  simplest  starting  point  for  a consideration  of  the  He^  collision  system 
Is  the  schematic  molecular  orbital  (MO)  correlation  dlagram^^  shown  In  Figure  2. 
Only  the  Important,  low-lying  molecular  orbitals  are  sho%m.  Using  nomenclature 
appropriate  to  the  united  atom  limit,  the  Incoming  ^ state  for  He-He  collisions 


state  for  He-He  collisions 


2 2 ® 

Is  designated  ls0  2pa  . As  Che  two  He  atoms  approach  each  other,  the  only 

8 “ 2 2 
obvious  Inelastic  transitions  Involve  a two-electron  2pa'^  -■  potential 

coupling  (radial  coupling  In  an  adiabatic  description)  at  —0.6  a and  one  and 

o 

two  electron  rotational  couplings  In  Che  united  atom  limit  between  the  2pO^  and 

2pn^  orbitals.  Consideration  of  a molecular  state  correlation  diagram  derived 

from  the  set  of  possible  orbital  occupancies  shows  that  2p9  ^ -•  2sd  3sa  Is  also 

2 **  1 8 8 

possible  at  small  distance,  since  the  united  atom  Be(ls  2s3s)  S state  lies  below 
2 2 11 

the  Be(ls  2p  ) P,  S levels.  However,  this  transition  would  not  be  expected  to 

50 

be  Important  except  for  very  violent  collisions.  The  Important  primary  transitions 
along  Che  entrance  channel  are 
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l*a  ^2pa  ^(4:  ■*■)  - ls«y  ^2sff  '*')  1 

g u g g g g 

IsCT  ^2pa  ^(4:  ■'')  - Isa  ^2pa  2|r  (4  ) II 

g u ^ g ■'  g '^u''  g'' 

2 21 + 2 21  14. 

Iso  ^2pa  ‘(*1  - Iso  '‘2pn  and  I ) . Ill 

g ug'  g*^u'g  g-' 

Excitation  III  Involves  a two  electron  transition,  with  the  4 state  produced  by 

1 + * 

a two-step  rotational  coupling  and  the  £ state  produced  either  by  a two-step 

I ® 

rotational  transition  through  the  state  or  by  direct  potential  coupling. 

As  the  atoms  separate,  the  primary  excitations  would  in  the  simplest  picture 
produce 

I 2He(ls2s)4 
II  - He  + He(ls2p)4> 

HI  - 2He(ls2p) 

The  experimental  and  theoreti- 
50-52 

cal  results  for  He-He  collisions 

indicate  that  primary  excitations 
II  and  I are  respectively  the  most 
Important  one  and  two  electron 
excitation  processes  for  low  colli- 
sion energies  (below  200  eV  c.m.). 
High  resolution  inelastic  tof  data 
shows  the  importance  of  these  two 
product  channels;  and  the  theoreti- 
cal calculations  agree  well  with 
the  shapes  and  magnitudes  of  the 

differential  cross  section.  Optical 
47 

measurements  show  a dominant 
He(24')  emission.  Structure  in  the 
electron  energy  distribution  is 
dominated^^’^^  by  a peak  at  15  eV 
which  is  caused  by  long  range  auto- 
ionization  along  the  state 

(produced  in  I)  when  it  is  nearly 
parallel  to  (and  the  asymptotic 
15  eV  above)  the  lowest  Hcj'*’ 


page 


KEITH  T.  GILLEN 


potential.  Theoretical  calculations  by  Olson  et  al.  verify  that  the  rotational 

coupling  between  the  IsO  ^2pO  2pn  ) and  the  Isc  ^2pO  3p0  (Sc  configurations 
“ g u u g g'^u'^ug' 

at  large  r (~  4 a ) does  not  produce  more  than  a 107.  transfer  of  2^P  excitation 

1 ° 
to  the  2 S state. 

At  higher  energies  primary  coupling  III  begins  to  dominate  contributions  to 

the  double  excitation  process  as  Che  potential  coupling  associated  with  I decreases 

44 

In  Importance.  Inelastic  tof  profiles  for  two  electron  excitations  are 

dominated  by  a peak  with  an  energy  loss  value  corresponding  to  excitation  of  two 

1 46 

Hc(2  P)  atoms.  Electron  energy  distributions  show  the  emergence  of  a feature 

at  an  energy  corresponding  to  molecular  autolonlzatlon  at  large  distances  on  chat 

same  potential.  However,  both  Che  tof  and  the  electron  measurements  clearly  show 

the  Importance  of  other  states  not  purely  associated  with  the  primary  coupling 

48 

mechanisms;  and  optical  measurements  show  the  Importance  of  n • 3 and  na4  exci- 
tations. These  additional  states  must  be  produced  by  secondary  Interactions 
transferring  excitation  from  configurations  I-III  to  other  configurations  that 
are  crossed  as  the  excited  atoms  separate  from  each  other. 


An  example  of  a secondary  Interaction  Is  the 


1 1_  + 

T1  L rotational  coupling 


considered  above.  At  high  energies  and  large  scattering  angles.  It  becomes  a 

50  1 

more  Important  contribution  to  Che  calculated  cross  section,  transferring  2 F 

excitation  Into  the  2^S  state.  The  doubly  excited  configurations  I and  III  can 
2 

couple  to  ^^u^u  ^°‘'^^8uratlons,  where  Is  an  orbital  which  yields  an 

excited  He  of  n 2 3.  These  couplings  could  partially  explain  the  optical  excita- 
tion data,  yet  excitations  of  triplet  states  of  He  with  cross  sections  comparable^ 

to  Che  higher  (n>3,4)  singlet  excitations  seem  to  require  a mechanism  populating 

47 

doubly  excited  asymptotes. 

Another  secondary  Interaction  chat  Is  possibly  Important  even  at  low  energies 

couples  primary  channel  I with  Che  IsO  2pO  ^2so  state  at  their  crossing 

8^88  2 

near  1.5  a . This  configuration  has  the  excited  He core  1s<t  2pa  and  like  the 
+ 2-  ^ 8 “ 

He  (A  state  Is  strongly  repulsive  at  small  intemuclear  distance.  Asymptotl- 

^ * 2 

cally  Isa  2pa  2sa  would  produce  one  2s  and  three  Is  electrons.  Hence,  It 
8 u g 2 1 

would  seem  to  correlate  to  He(ls  ) -f  He(ls2s)2  S.  However,  the  lower  state 

la®g^2pa^3pa^(^E^'*')  with  a He2'*‘  core  would  also  naively  be  associated  with 

Che  same  asymptote. 

The  difficulty  Ilea  In  Che  extension  of  a molecular  orbital  picture  to  large 

2 2 

distances.  The  Incoming  channel  designated  In  the  MO  nomenclature  Isa^ 
be  unambiguously  connected  at  large  r with  two  ground  state  He(l^S)  atoms.  For 
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higher  states,  the  MO  configurations  cannot  be  connected  to  a unique  state  of  the 


separated  atoms.  For  example,  at  very  large  distances,  the  configurations  designs- 

2 1 + 

2pO  2s?  ( Z ) would  be  degenerate  in  a MO 
g u g g 

states  can  formally  yield  two  different  asymp- 


ted  by  Is?  ^2p?  3p?  "*”)  and  Is?  2p?  ^2s?  (^2  would  be  degenerate  in  a MO 

guug  i^gugg 
framework.  Actually  the  two  ^ 


totlc  atomic  state  pairs 


and 


33,50 


He(lsS  + He(ls2s)'’S 


He''‘(ls)  + He‘(ls^2s)^S 


Invoked  here  is  a modification  of  the  MO  picture  at  large  r,  where  it  is 
difficult  to  apply.  In  favor  of  a description  that  connects  in  a reasonable  way  to 
the  proper  asymptotic  states.  A collision  pair  described  by  either  of  these  ^2 

g 

configurations  at  small  distance  will  evolve  Into  the  two  asymptotic  states  In  a 

way  that  depends  on  the  couplings  between  them  In  the  region  where  they  Inter- 

50  5 2 2 

act.  * At  low  velocities  the  higher  Is?  2p?  2s?  configuration  will  populate 

+ - 2 * **  ® 
the  He  + He  asymptote,,  and  the  configuration  will  lead  to  the 

lower  He  -f  He(2^S)  channel,  assuming  there  are  no  Important  Interactions  with  other 

states  that  are  not  considered  In  this  simple  picture.  At  higher  velocities  there 

will  be  a sharing  of  population  between  the  two  asymptotes. 

Similar  arguments  can  be  made  to  connect  the  Important  Is?  ^2p?  2pTT  ) 

21  gu  u g 

configuration  and  the  higher  Is?  2p?  3dii  ( u ) configuration  with  the  asymptotic 

2 1 * + ***-*22 
states  He(ls  ) -t-  He(ls2p)  P and  He  (Is)  + He  (Is  2p)T,  The  doubly  excited 

Is?  ^2s?  ^ configuration  can  be  connectei^ with  several  ^ Ion  pair  states  In 
* 8 * * ^ 
addition  to  He  (ls2s)  -f  He  (ls2s)  . 

. 2 

The  He  (la  nX)  states  have  never  been  observed,  even  as  electron  scattering 
resonances,  but  vanishing  lifetimes  at  Infinite  separation  do  not  preclude  the 


possibility  of  their  stabilization  in  the  field  of  a nearby  He  ion 


53 


At  large 


distances  the  He  (ls^2s)  + He"*^  state  lies^^a  couple  of  eV  above  the  He"*^  + He  + e 

continuum  and  autolonlzatlon  processes  would  yield  low  energy  electrons  and  a total 

loss  of  translational  energy  between  the  two  nuclei  of  ~ 25  eV.  For  the  excited 
2 

core  ls?^2p?^  ^*^g  ‘^°^^^SucAtlon,  molecular  autolonlzatlon  could  also  take  place 

on  the  repulsive  portion  of  the  potential  curve  at  small  distances  (<  2.8  a ) where 

o 

the  relevant  potential  Is  also  above  the  lowest  continuum. 

The  possibility  of  sharing  of  scattered  Intensity  between  two  or  more  asymp- 
totic states  gives  a convenient  explanation  for  much  of  the  Ionization  observed  In 

45.46 

He-He  collisions.  Gerber  et  al.  attribute  an  Intense  peak  at  an  electron 


nz  r' 


:xiL. 
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•nargy  of  19.3  eV  to  dacay  of  the  He**(ls2s^)  S resonance,  formed  from 

22I22-f-2  .* 

IsO  2pC  -•  IsO  280  -•  He  He  (ls2s  ) . Other  higher  energy  He  resonances 

* " 2 3 * * 1 

which  decay  to  He  (2  S)  or  He  (IS)  could  be  viewed  as  possible  Ionic  dissociation 

paths  from  the  channels  responsible  for  the  excitation  of  the  higher  optical  states 
48 

seen  by  Kempter  et  al. 

44 

Both  for  single  and  double  excitations,  Brenot  et  al.  note  strong  simi- 
larities In  the  differential  cross  section  shapes  for  excitation  and  Ionization 

that  Imply  possible  sharing  processes  In  the  outgoing  channels.  They  earlier 

43  +-22 

suggested  that  the  double  excitation  111  yielded  He  + He  (ls2p  ) D as  well  as 

He(ls2p)  + He(ls2p).  The  single  excitation  they  attribute  to  primary  excitation 

II  followed  by  a sharing  at  large  r between  the  He(ls2p)S’  + He(ls^)  and  the 

- 2 + 52  - 2 

He  (Is  2p)  + He  (Is)  asymptotes.  Gauyacq  argues  that  the  He  (Is  2p)  decay  gives 

a cross  section  significantly  smaller  than  the  data  and  is  not  as  Important  as 
. 2 

He  (Is  2s)  for  the  Ionization  channel  related  to  single  excitation.  He  calculates 

2 

the  differential  cross  section  for  formation  of  He  (Is  2s)  from  the  secondary 


processes 


II  - Isa  2pa  3pa  • 
g u u 


He'*’  + He*(ls^28) 


He  + He(l82s) 


I - Isa  2pa  28a 
8 u g 

The  result  Is  a calculated  cross  section  that  Is  significantly  larger  than  the  one 

2 43 

he  calculates  for  He  (Is  2p)  from  the  mechanism  proposed  by  Barat  et  al.  Unfor- 
tunately, the  shape  of  the  calculated  differential  cross  section  does  not  satls- 

2 

factorlly  agree  with  the  data,  and  It  Is  possible  that  He  (Is  2p)  makes  a larger 
relative  contribution  than  indicated  by  the  branching  ratios  In  his  calculations. 

A more  complete  treatment  of  the  sharing  between  states  that  have  the  same  limit  In 
an  MO  picture  should  address  possible  Interactions  with  other  excited  states  of 
the  same  synsetry  and  should  also  account  for  possible  autolonlzatlon  at  small  or 
Intermediate  distances.  It  Is  difficult  to  evaluate  the  effect  of  these  two 
additional  complications  on  the  calculated  differential  cross  sections. 

★ 

These  same  questions  arise  when  considering  He  + He  collisions.  Even  for 
this  "simple”  four  electron  system,  there  are  enough  complications  to  thwart  a 
complete  ^ Initio  treatment  for  the  Inelastic  scattering.  Gauyacq's  extensive 
ab  initio  calculations  represent  the  most  complete  theoretical  treatment  of  Ue-He 
scattering  and  have  produced  excellent  agreement  with  much  of  the  scattering  data 
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Including  He*  -f  He  interactions.^^  His  work  has  helped  Introduce  a useful  frame- 
work for  analyzing  colllslonal  Ionization  data;  this  framework  can  better  be 

evaluated  as  more  data  become  available. 

* 

Although  He  + He  collisions  explore  many  of  the  same  potential  surfaces  as 

the  ground  state  collision,  there  are  significant  Important  distinctions.  The 
* 1 * 3 

beam  Is  a mixture  of  He  (2  S)  and  He  (2  S)  and  there  are  two  potentials  curves 

* U-  + 

connecting  to  each  He  + He  asymptote;  this  yields  four  Incoming  channels;  , 

^ ^ and  ^ each  of  which  must  be  considered  In  the  analysis.  Since 

u g ^ u 

the  He*(2^S)/He  (2^S)  ratio  In  the  beam  is  thought  to  be  large,  the  data  may  mostly 

*3  It*  ^ 

reflect  contributions  from  the  He  (2  S)  component.  In  the  MO  framework  the  T. 

1—  + + - 2 2 ® 

state  and  the  paired  ) He  -f  He  (Is  2s)  S state  are  correlated  to  the 

2 * ? 

Isa  2pa  3pa  and  Isa  2pa  ^2sa  configurations  as  before, with  analogous  pairings 
g*'u'^u  g'^ug  “ 

for  the  other  three  synine tries.  Hence  In  symmetry  the  Incoming  channels  are 

Identical  to  Important  product  channels  of  He-He  collisions  and  many  of  the 

theoretical  calculations  for  He-He  collisions  can  be  utilized  to  extract  Informa- 

* 54  55,56 

tion  about  He  'f  He  interactions.  Potential  curves  calculations  exist  for 

^ ^ ^ j , , , , . 33,54,57-59  , ^ 

states  of  other  synisetry,  but  most  dynamical  calculations  treat  either 

the  * or  the  ^ * incoming  channels. 

S 8 

Por  a description  of  the  experimental  results,  I will  concentrate  on  the 
major  inelastic  channels  observed;  in  all  cases  I will  assume  that  the  Inelastic 
channels  due  to  the  ground  state  He(l^S)  component  of  the  metastable  beam  has  been 
properly  identified  and  removed. 

At  low  c.m.  energy  (75-1100  eV)  the  total  destruction  cross  sectlon^^  has 

♦ 1 * 3 * 3 

been  measured  separately  for  He  (2  S)  and  He  (2  S) . Recently  the  He  (2  S)  result 

28 

has  been  extended  down  to  11  eV  using  a different  technique.  These  are  not  true 

measurements  of  Inelastic  processes,  for  In  each  case  a large  fraction  of  the 

60 

"destruction”  cross  section  will  singly  represent  excitation  transfer  to  the 
target  atom.  The  true  inelastic  loss  process 

He*(2^S)  + He  - He*(2^P)  + He 

will  not  even  be  detected  (unless  the  excitation  Is  transferred  to  the  target) 

* * 3 * 1 

since  a He  (2’’?)  will  quickly  radiate  back  to  He  (2  S)  . For  He  (2  S)  excitation 

to  the  2S>  level,  the  radiation  to  l^S  Insures  measurement  of  the  attenuation; 

and  It  Is  interesting  to  observe  that  the  measured  total  "destruction"  cross 
* 1 o2  * 3 

section  for  He  (2  S)  Is  3-6  A larger  than  for  He  (2  S)  over  the  entire  energy 
rang  from  75-1100  eV. 
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Ab  Initio  calculations  of  these  2s  -•  2p  excitations  give  large  cross  sections 

at  low  energies.  Rotational  coupling  of  the  ^ ^ Incoming  channel  with  the 

8 ® ® 
state  was  predicted  to  be  the  cause  of  significant  perturbations  observed  In  low 

* 3 

energy  He  (2  S)  He  elastic  scattering  data.  The  excitation  cross  section  was 
estlmated^^  to  be  4 at  100  eV  and  to  be  > 1 ^ at  a collision  energy  of  9 cV, 

where  the  calculations  were  verified  by  tof  measurements  of  the  Inelastic  dlffer- 

29  3 + 3 + 

entlal  cross  sections.  Radial  coupling  of  the  Incoming  £ curve  to  the  £ 

* 3 8 8 

curve  which  dissociates  to  He  (2  F)  He  is  negligible  at  low  energies,  but  Is 

3 

predicted  to  uke  a significant  contribution  to  2 F excitation  at  energies  above 

~ 100  eV.^^  The  analogous  radial  coupling  mechanism  for  excitation  of  He(2^F)  has 

not  been  calculated,  but  may  be  more  Important  at  low  energies  because  the  two 

relevant  ^ curves  arc  closer  In  energy  (at  least  asymptotically)  than  the  ^£ 

8 1 1 8 
curves.  The  2 S -*  2 F transition  associated  with  rotational  coupling  of  the 

and  states  has  been  calculated  at  low  energies  by  Shlpscy  ct  al.^^  At 

100  eV  collision  energy  the  excitation  cross  section  Is  ~ 6 , which  colncl* 

* 1 * 3 

dentally  agrees  with  the  difference  between  measured  He  (2  S)  and  He  (2  S)  total 
destruction  cross  sections. This  suggests  the  importance  of  radiative  cascade 
processes  to  the  measured  differences  in  destruction. 

32 

Detailed  double  differential  cross  section  measurements  of  the  colllslonal 

Ionization  process  exist  In  the  c.m.  energy  range  50-200  eV.  Fig.  3 shows  a few 

^ 4.  - 

typical  energy  loss  spectra  for  He  -t-  He  -*  He  He  e for  a beam  energy  of 

197  eV.  Four  features  are  labelled  A,  B,  C,  and  0 and  their  properties  and 

probable  causes  are  susmarlzed  below. 

Feature  A Is  the  major  one  at  all  measured  scattering  angles  and  Is  the 

dosilnant  contribution  to  the  total  Ionization  cross  section  from  threshold  Into 

the  keV  energy  range.  The  c.m.  energy  loss  4e  of  ~ 5 eV  for  feature  A Implies 

ground  state  Be**^  ■¥  He  products  and  a low  energy  emitted  electron.  The  angular 

o 

distribution  peaks  very  sharply  at  0 and  the  threshold  angle  In  a p vs.  t plot 

Is  much  smaller  than  values  found  for  ground  state  He-He  Inelastic  processes. 

* 1 U.  + 

The  Ionization  (for  He  (2  S))  was  explained  by  considering  a diabatlc  L 

8 

potential  as  the  primary  Incoming  channel  for  the  Ionization  process  (see  Fig.  4); 

at  small  distances  this  channel  Is  strongly  repulsive  having  character  equivalent 
2 

to  the  ls9  2pd  2sa  MO  configuration  and  matches  the  Frozen  Orbital  state  cal- 
8 8 

culated  by  Guberman  and  Goddard.  The  diabetic  state  enters  the  continuum  near 
the  minimum  of  the  potential;  and  Ionization  Is  postulated  to  occur 

with  significant  probability  at  this  crossing.  Although  no  Justification  was 
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Fig.  3.  He^  product  laboratory  energy  distributions 
for  four  scattering  angles. 


Fig.  4,  A schesiatlc  representation 
of  various  potential  curves  of  possl* 


ble  Importance  to  colllslonal 


Ionization. 
He2  states 


states  are  dashed; 


given  for  that  postulate,  the  cal- 
culated deflection  functions  Indicated 
that  the  proposed  mechanism  adequately 
matched  the  most  Important  features 
of  the  data.  The  probabilities  of 
following  the  dlabatlc  curve  were 
related  to  the  radial  couplings  be- 
tween successively  higher  adiabatic 

^ curves  starting  with  the  2^S  — 

8 57 
2^P  radial  coupling.  A transfer  to 

+ - 2 

the  He  ■¥  He  (Is  2s)  asymptote  with 

32 

Ionization  at  large  r was  considered 
as  another  possible  mechanism  consis- 
tent with  feature  A.  This  Is  In  the 

spirit  of  Gauyacq's  treatment  of  the 
54 

He^  system.  Yet  that  alternative 
treatment  postulates  (or  at  least 
assumes)  no  Ionization  at  small  r 
(which  does  exist  as  evidenced  by 
other  Ionization  features)  and  no 

Interaction  of  the  excited  He'*'  + 

. 2 

He  (Is  2s)  state  with  the  series  of 
Rydberg  states  of  the  same  symmetry. 
The  truth  may  lie  somewhere  between 


I 
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the  two  viewpoints,  but  clearly  this  Is  a key  interpretive  problem  to  be  resolved. 

The  transition  probability  into  the  continuum  for  a ^ incoming  state 

U.  + * 

would  be  somewhat  smaller  than  for  the  ^ case  in  the  model  involving  a series 

8 

of  transitions  between  adiabatic  states,  since  the  first  2s  ~*  2p  transition  is 
32  1 4. 

expected  to  be  less  probable  for  'X  . In  the  two'Configuratlon  MO  framework, 

54  * 1—  + 3—  + 

Gai^acq  predicts  no  difference  between  the  X and  transition  probablll* 

ties.  The  other  incoming  states  ^ ^ and  would  be  expected  qualitatively  to 

behave  more  adiabatlcally  from  either  viewpoint  and  should  contribute  less  to 

the  important  ionization  channels;  but  there  exists  no  quantitative  evaluation  of 

the  differences. 

The  three  ocher  major  ionization  features  can  be  explained  by  interactions 

2 

involving  the  repulsive  lso^2p0^  2sV  dlabatlc  state  at  smaller  r than  Che  cross* 
ing  into  the  continuum  at  2.8  a . 

Process  B,  whose  energy  loss  value  depends  on  the  scattering  angle,  is 
consistent  with  a mechanism  in  %ihich  the  incoming  particles  follow  the  diabacic 
channel  into  the  continuum,  reach  the  classical  turning  point,  and  ionize  with 
probability  peaked  at  the  turning  point.  Collisions  with  different  impact  para- 
meter will  reach  different  turning  points;  hence  the  increase  in  energy  loss  with 
scattering  angle  (see  Fig.  4).  At  higher  angles  than  shown  in  Fig.  3 oscillatory 
structure  appears  between  features  A and  B.  This  may  be  associated  with  ioniza- 
tion between  the  continuum  crossing  and  the  classical  turning  point,  with  inter- 
ference developing  between  collisions  ionizing  on  the  incoming  and  outgoing 

61 

portions  of  the  trajectory. 

Process  D,  visible  only  at  small  angles,  possibly  because  it  is  masked  at 

the  larger  angles  by  contributions  from  feature  B,  was  explained  in  terms  of  a 

2 2 2 
coupling  of  the  ls9  2pO  2aO  incoming  channel  with  the  Isd  2so  state.  As  in 

8 7 ^ 2 3^ 

He-He  scattering,  the  Isff^^2s(T^^  state  separates  into  two  He  (2  S)  atoms  and 

molecular  autolonlzatlon  at  large  r yields  a IS  eV  electron  and  He^  + He.  The 

shape  of  the  differential  cross  section  and  the  measured  energy  loss  values  are 

33  * 1 

consistent  with  a suggestion  that  the  He  (2  S)  component  of  the  beam  produces 

this  feature  by  interactions  following  the  ^ dlabatlc  incoming  channel. 

54  * 

Gauyacq's  calculations  indicate  that  this  process  has  a very  small  cross  sec- 

if  3 

tion;  and  he  hypothesizes  that  the  He  (2  S)  component  of  the  beam  may  analogously 
contribute  to  this  feature  through  a coupling  of  potentials. 

Features  A,  B and  D all  involve  scattering  at  small  angles^since  in  each 
case  there  are  significant  attractive  interactions  along  the  outgoing  trajectory 
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to  at  least  partially  compensate  for  the  Initial  repulsive  encounter  along  the 

diabatic  potential.  Feature  C has  threshold  and  angular  dependence  more  typical 

of  Inelastic  transitions  in  other  systems.  The  energy  loss  of  25-27  eV  suggests 

formation  of  an  excited  product  atom  and  low  energy  electrons 

* + * 

He  + He  - He  + He  + e , 

and  the  angular  threshold  is  consistent  with  ionization  occurring  at  the  crossing 

into  the  first  excited  continuum  (see  Fig.  4).  However,  contributions  from  tran- 

sltlons  Is®  2p®  2s®  — Is®  2s®  n®,  which  could  produce  He  + He"(ls2snX),  can- 

g u g g g 

not  be  excluded. 

At  larger  scattering  angles  and  higher  collision  energies,  more  violent 

encounters  at  smaller  r should  yield  rotational  coupling  processes  in  the  united 

atom  limit  that  are  analogous  to  those  observed  in  He-He  collisions.  The  recent 

30 

work  of  Morgenstem  et  al.  at  collision  energies  from  500  to  2500  eV  clearly 
shows  effects  due  to  coupling  of  the  2p®^  and  2p^^  orbitals  at  small  r.  Nonethe- 
less, the  ionization  channels  mentioned  above,  especially  feature  A,  are  still 
probably  the  most  Important  ionization  channels  at  these  higher  energies.  The 
electron  energy  distribution,  which  peaks  very  strongly  at  an  energy  near  0 eV 
and  drops  monotonlcally  at  higher  energies,  agrees  qualitatively  with  the  distri- 
bution anticipated  to  be  associated  with  the  major  low  energy  ionization  features-, 
yet  an  unknown  fraction  of  these  electrons  could  be  produced  by  electron  ejection 
from  surfaces  following  an  excitation  transfer  of  metastable  energy  to  a slow 
target  He  atom.  This  experimental  problem  is  peculiar  to  electron  energy  measure- 
ments in  collisions  of  metastable  beams  with  large  internal  energy,  and  precludes 

a definitive  conclusion  based  on  the  electron  energy  distributions. 

30 

The  only  discrete  structure  observed  in  the  electron  spectra  are  a set  of 

★★ 

peaks  near  35  eV  due  to  autoionization  of  doubly  excited  He  and  a couple  of 

. 2 

peaks  at  19.3  and  19.7  eV  thought  associated  with  production  of  He  (ls2s  ) and 

.4  ** 

He  (Is2s2p)  F states  respectively.  The  energies  of  the  peaks  from  He  indicate 

3 2 1 

that  the  2s2p(  P)  and  2p  ( 0)  states  give  the  major  contributions.  Generally,  for 

each  peak  in  the  electron  energy  distribution  at  Che  proper  energy,  there  is  a 

companion  peak  at  a shifted  energy.  This  companion  peak  is  due  to  decays  of 

excited  projectiles,  whose  electrons  are  Doppler  shifted  in  energy  relative  to 

62 

those  produced  by  decay  of  the  same  state  of  the  excited  target  atom.  Interest- 
ingly, the  peak  at  19.7  eV  has  no  companion  peak  and  the  result  is  consistent  with 

30  4 - 

the  authors'  observation  that  the  long  (>  10  usee)  lifetime  of  the  P He  state 
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allows  excited  projectile  Ions  to  leave  the  observation  zone  before  emitting  an 

electron.  Similarly  a fraction  of  the  slow  He*  target  may  escape  detection. 

The  Inelastic  scattering  results  ^ using  tof  techniques  Indicate  a strong 

~ 20  eV  excitation,  a smaller  ~ 60  eV  excitation,  and  an  even  smaller  ~ 40  eV 

excitation.  The  resolution  was  not  sufficient  to  Identify  any  states,  but  clearly 

inelastic  channels  yielding  two  excited  atoms  are  quite  Important  and  It  Is  also 
** 

evident  that  the  He  autolonlzlng  states  are  more  often  formed  paired  with  an 

it 

excited  He  partner  (4E  • 60)  than  with  a ground  state  He(4£  • 40)  . 

The  primary  Inelastic  channel  can  be  explained  by  rotational  coupling  be- 
tween a 2pC  and  2pn  orbital,  for  example, 
u u 

Iso  2pO  ^2sO  ■*■)  - Iso  2pO  2pn  2so  - He*(ls2s)  + He*(ls2p)  , 

g ugg  guug 

or 

IsO  ^2pO  2so  (^’^  ■'■)  - IsO  ^2pn  2sO  - He*(ls2s)  + He*(ls2p) 
g ug'u  g ug 

4 

This  excitation  can  also  produce  the  He  (Is2s2p)  F observed  In  electron  energy 

measurements.  The  potential  coupling  mechanism 

7 1_  + 2 2 1 + 

Iso  2pO  ■‘280  (T  ) - IsO  '‘2SO  ^) 

gugg  g g g 

can  likewise  yield  two  excited  atoms,  but  the  absence  of  IS  eV  electrons  corres- 

33 

ponding  to  the  long  range  molecular  autoionlzatlon  process  observed  at  lower 
energies  suggests  that  this  process  may  not  be  very  Important  at  these  energies. 
Two  step  rotational  coupling  in  the  united  atom  limit,  e.g. 

Iso  2po  ^2so  - Iso  2pTT  ^2sa 
g u g g u g 

Is  probably  the  main  mechanism  responsible  for  the  60  eV  excitation  and  the 

3 2 1 

production  of  the  observed  He(2s2p)  P and  He(2p  ) D autolonlzlng  levels. 

30 

Morgenstem  et  al.  point  out  that  the  mechanisms  they  have  examined  all 

Involve  no  active  participation  by  the  2s  electron.  Like  the  Iso  electron.  It 

g 

Is  a spectator  to  the  collision  until  the  outgoing  channel  when  It  must  choose  a 
nucleus  to  follow.  Their  measurements  were  not,  of  course,  sensitive  to  other 
excitation  and  Ionization  channels  (e.g.,  2s  -•  ni  excitations  or  process  B des- 
cribed at  lower  energies)  where  the  2s  electron  participates  actively  In  the 
Inelastic  process. 
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He(2^S)  DEEXCITATION  IN  COLLISIONS  WITH  Ho(l^S)* 

THONUS  M.  MILLEH 

Molecular  Physics  Center,  Stanford  Research  Institute 
Menlo  Park,  CA  94025 

3 

The  doexcitation  of  metastable  He(2  S)  atoms  in  collisions  with  ground- svat e 
helium  has  been  studied  using  a beam-gas  technique  over  a center-of-mass  (CM)  energy 
range  of  11-86  eV.  Essentially  all  of  the  decxcltation  is  due  to  excitation  trans- 
fer from  projectile  atoms  to  target  gas  atoms: ^ 

He(2^S)  + He(l^S)  - He(l^S)  + Ho(2^S) 

This  experiment  is  an  extension  to  low  energies  of  the  work  In  this  laboratory  by 

1 

Hollsteln,  Sheridan,  Peterson,  and  Lorents,  who  covered  the  CM  energy  range 
75-1100  eV. 

One  motivation  for  the  present  work  is  provided  by  the  calculations  of  Evans 

2 3 

and  Lane  whose  excitation-transfer  cross  sections  for  llc(2  S)  are  shown  in  t'ig.  J . 

Also  shoviTi  are  the  present  data  and  the  low-energy  dal  a of  Hollsteln  et  al.*  It  is 

hoped  that  calculations  with  better  He^  potentials  which  a:e  now  available  will 

Improve  the  comparison  between  experiment  and  theory. 


COLLISION  ENEOGV  leV' 
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Fig.  1.  He(2^S)  excitation  transfer  cross  section.  Solid  curve:  lAans  and 

Lane,  dlabatic.  Dashed  curve:  Evans  and  lane,  adiabatic.  Trtanglos;  Dam  of 
Hollsteln  et  al.  Circle.-;  present  data. 
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As  .1  consistency  check  on  the  low-energy  d.nta,  we  meaimred  chorijc-f  t onsfer 

+ f 

crtjss  sections  for  He  + He  -•  He  + He  nnd  found  figreemcnl  with  previous  data  and 

3 

the  Rapp  and  Francis  res\ilts. 

1 

In  the  experiiiKint  of  Hollsteln  et  al.  an  optical  technif)uo  was  used  to 
determine  the  attenuation  of  the  metastable  beam  In  a helium  gas  cell.  Their  tech- 
nique allowed  definite  Identification  of  singlet  and  triplet  events.  In  the  present 

3 

experiment  the  results  are  attributed  to  He(2  S)  on  the  basis  of  exfierlmental 
4 5 

evidence  and  recent  calculations.  The  metastable  beam  is  produced  by  chaige 

transfer  In  a cesium  vapor  cell.  Attenuation  of  the  mctastable  beam  in  a helium 

gas  coll  is  determined  from  measurements  of  the  beam  Intensity  using  a particle 

multiplier.  Both  the  target  gas  pressure  and  the  Interaction  path  length  are 

varied  in  order  to  minimize  uncertainties.  A correction  Is  applied  to  the  data  to 

account  for  the  partial  detection  of  ground-state  atoms  in  the  beam.  The  correction 

4 

is  based  on  data  obtained  by  Morgenstcra  ct  al.  in  this  laboratory,  and  amounts  to 

3fc  at  25  eV  (CM),  30‘(.  at  61  cV,  and  SOfe  at  80  eV.  The  netast  ible  atom  energy  In  the 

laboratory  Is  assumed  to  be  2 eV  lower  than  the  iou  cnergv  due  to  contact  poten- 

4 ■ 

tlals  in  the  cesium  cell  and  to  the  energy  defect  In  the  cfiarge  transfer. 
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